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Biochemical activity of proteins and nucleic acids is strongly dependent on three-
dimensional shape. As a result, upon synthesis biomolecules often undergo a series of secondary
and tertiary folding transitions to achieve a spatial configuration crucial to biochemical function.
This dissertation describes detailed studies on the folding dynamics of small RNA/DNA nucleic
acid oligomers and RNA riboswitches at the single molecule level. In particular, our focus is on
both equilibrium and real time kinetic characterization of two physical phenomena that can
greatly impact the stability of a specific nucleic acid structure: “molecular crowding” and
pressure-induced denaturation.

Nucleic acids have evolved to function inside cells. The intracellular environment is
highly concentrated (> 20% by weight) with various solutes (mono/divalent cations, anions,
peptides, nucleotides, fatty acids, osmolytes, metabolites, etc.) and thus is quite different from
the dilute buffer conditions in which biochemical studies are traditionally performed. A
predictive understanding of such spatial crowding effects on nucleic acid conformation is
therefore key to unambiguous interpretation of in vitro data in terms of predicted in vivo
behavior. Single molecule Fluorescence Resonance Energy Transfer (SmFRET) measurements
obtained with precise control of temperature allows us to measure equilibrium and kinetic
properties as a function of temperature, which permits deconstruction of free energy changes in

terms of enthalpic and entropic components. Significantly, this work reveals that stabilization of



iii
nucleic acid structure with biochemically inert polymer PEG (polyethylene glycol) is essentially
entirely entropic, i.e., consistent with excluded volume as the primary origin of nucleic acid
molecular crowding. Furthermore, clean separation of the enthalpic and entropic chemical
contributions in such temperature studies permits the dependence of crowding on molecular size
to be revealed, with the surprising result that smaller crowders (at constant w%, percentage by
weight) promote nucleic acid folding more effectively.

Due to the rapid pressure increase as a function of ocean depth, marine life can
experience significant fluctuations in pressure. Moreover, marine organisms in deep sea regions
(such as the Marianas trench) are constantly exposed to extreme pressures up to a thousand bars.
In order to better understand how deep sea organisms adapt to extreme pressures at the molecular
level, studies of the pressure-dependent effects on biomolecular structures (both protein and
nucleic acids) are thus essential. In this work, our single molecule confocal microscope is
coupled to a pressure generating system to explore the pressure response of nucleic acid folding.
The pressure dependent equilibria reveal that nucleic acids effectively take up more volume than
its unfolded conformation upon folding, which is at least initially counterintuitive to the
commonly held physical picture of a folded conformation being more compact. The studies also
demonstrated that the osmolyte trimethylamine N-oxide (TMAO), which is found to accumulate
in deep sea fish, efficiently increases the pressure stability of nucleic acids both by promoting

folding equilibrium and reducing the denaturing sensitivity to external hydrostatic pressure.
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respectively. Typically, each set of data contains 20 to 50 molecules throughout this
thesis.
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T T L= SR 30
Images of the high pressure generating system. (A) The manually operated piston screw
pump and the pressure gauge mounted on the extended surface outside the laser curtain.
(B) The three-way control valve mounted to the optical breadboard that allows vertical
translation of the sample holder. The blue lines/arrows indicate the direction of pressure
transmitting through the high pressure tubing.

FIQUIE 2.6 ...ttt s a et et h e bttt R e e R e et e Rt be e teeneenreene e 31
Capillary sample holder for the high pressure single molecule experiments. (A) the cross
section of the square capillary. (B) the capillary end glued into the metal plug for
coupling to the high pressure system.

0T =T 70 USRS 36
Structure of L. lactis yybP-ykoY manganese riboswitch (A) Overall crystal structure
reconstructed from X-ray diffraction data (PDB 4Y11) (B) Structure of M?* binding sites
with adjacent nucleotides (C) RNA construct design for sSmFRET experiment.

T =T TSROSO 37
Schematic illustration of induced-fit (IF) and conformational selection (CS) pathways in
the context of a four-state kinetic model.

FIGUIE 3.3 et b b bbbttt b e bbbttt 38
Sample sSmFRET experimental data; both with background 0.5 mM MgCl; and total 125
mM monovalent cation (A) Visual representation of manganese riboswitch folding
changing the distance between Cy3 and Cy5 (B) (from top to bottom) Fluorescence time
traces of signals from Cy3 and Cy5, the corresponding Errer trajectories, cumulative
distribution function of dwell time analysis.

Lo TU =T T ST SRRSO 44
Mg?* dependence of manganese riboswitch folding (A) equilibrium fraction folded as a
function of [Mg?*] (B) Mg?* dependence of rate constants at [Mn?*] = 0 mM (C) A four-
state model for Mg?* facilitated manganese riboswitch folding kinetics.

FIGUIE 3.5 bbb b bbb bbbttt 47
Kinetics of Mn?* promoted manganese riboswitch folding (A) Mn?* dependent kroia and
kunfoid (B) Scheme of extended Hill model into six-state kinetic model (least squares fit
results summarized Table 3.2).

FIQUIE 3.6 ..ot b bbbt b et bbb bbb 51
Equilibrium Mn?*-dependent fraction folded studied at different [Mg?*] (A) [Mg?*] = 0
mM (B) 0.5 mM (C) 2 mM.

FIGUIE 3.7 et b b bbbt bbb bbbttt 55
The dominant folding pathways and equilibriums in the extended kinetic model with both
Mg?* and Mn?* present.

FIQUIE 3.8 et bbbt bbbt bttt b e bbb bbb 58
Manganese riboswitch folding under near physiological condition with both Mg?* and
Mn?* (A) Decay of normalized Kunfoild from [Mn?*] = 0 to saturation condition suggests
Mg?* enhances the ligand (Mn?*) affinity. (B) Schematic of dominant folding pathway
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indicating that Mg?* pre-folds the RNA via an induced-fit (IF) mechanism and then Mn?*
stabilizes the folded conformation by a conformational selection (CS) mechanism.

T T L= USSR 71
Structure of L. lactis yybP-ykoY manganese riboswitch: (A) Overall crystal structure
(PDB 4Y1l); (B) Close-up details on the cation M?* binding sites with adjacent
nucleotides; (C) Manganese riboswitch sequence in a secondary structure representation.

FIQUIE 4.2 ..ttt ettt st e st et e R e e Rt et e Rt e R e e be e Rt e nbe e teene e re et e 72
Sample smFRET experiment data: (A) Cartoon depiction of how manganese riboswitch
folding changes the distance between Cy3 and Cy5; (B) Sample time trace of Cy3 and Cy5
fluorescence (22.2 C, top left), the corresponding Errer trajectory (lower left), and a series
of Errer trajectories (lower left) and dwell time distributions (lower right) as a function of
increasing temperature (22.2 C-28.0C). Note that a small increase in temperature
dramatically increases the folded time distributions, consistent with strongly endothermic
folding (AH > 0).

FIQUIE 4.3 et b bbbt bbbt e e bbb bbbt 76
Mg?* dependence of the manganese riboswitch folding under equilibrium conditions: (A)
Folded fraction as a function of [Mg?*]; (B) van’t Hoff plot for the temperature dependent
behavior of the manganese riboswitch equilibrium constant (Keq = Krold/Kunfold) at [Mn?*] =
0.

FIQUIE 4.4 ..ot bbbt bbbttt b e bbbt bttt 78
Kinetic effects of Mg?* in an activated complex/transition state theory analysis of (A)
kfold and (B) Kunfold.

FIQUIE 4.5 L. b et bbbt bt bt et b e bbbt bttt 80
Mn?* effects on manganese riboswitch folding under equilibrium conditions: (A) Folded
fraction as a function of [Mn?*]; (B) van’t Hoff plot of temperature dependent manganese
riboswitch folding at [Mg?*] = 0.5 mM.

FIQUIE 4.6 ..ot bbbt bbbttt b e bbbt bttt 81
Kinetic dependence of Mn?* in an activated complex/transition state theory analysis of
(A) kfold and (B) Kunfold.

FIQUIE 4.7 et bbbt bbbt bbbt e bt bt bttt e e 83
Folding free energy landscapes of the manganese riboswitch: (A) Mg?* effects on
enthalpic and entropy contributions (left) and the overall free energy (right); (B) Mn?*
effects on enthalpic and entropy contributions (left) and the overall free energy (right).
Note that although there is no information on change in absolute free energies with cation
conditions, the unfolded state (U) is conventionally referenced to zero free energy in both
plots.

[ o UL T T PSPPSR 102
Structure of E. bacterium NiCo riboswitch. (A) Overall crystal structure (PDB: 4RUM).
(B) Riboswitch sequence in secondary structure representation. The oligomers forming
the ternary SmFRET construct are indicated in red, green and blue, respectively.

FIQUIE 5.2 1ot b bbbt b bbb bbbt 105
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Schematic of the single-molecule confocal fluorescence microscope. Inset: Cartoon
representation of a doubly fluorophore labeled SmFRET construct tethered on the surface
of a glass coverslip for the single-molecule fluorescence observation.

T T =T T SR OOSPRSS 106
Sample fluorescence time traces of Cy3 and Cy5 signal (upper panel) and corresponding
EFRET time trajectories (lower panel) obtained with (A) [Co?"] = 0.3 umol/L, (B) [Ni?*]
= 0.3 umol/L and (C) neat buffer (background [Mg?*] = 0.5 mmol/L and [Na*] = 100
mmol/L).

FIQUIE 5.4 L.ttt et s e bt e bt e Rt e e b e et e e Rt e heeteene e ae e beaneenreas 107
Sample data analysis of the 3-state folding system. (A) Erret histogram fit to 3 Gaussian
functions corresponding to unfolded (U), intermediate (1) and folded (F) subpopulations
of the NiCo riboswitch. (B) Exponential decays of the dwell time distributions presented
in a semi-logarithm plot, indicating that folding and unfolding of the NiCo riboswitch
follow first order kinetics. (C) Schematic representation of detailed NiCo riboswitch
SmFRET construct folding and unfolding. Note that the cartoon representation of the
unfolded state (U) suggests a more relaxed/less structured state, which does not
necessarily represent the average configuration.

FIQUIE 5.5 et bbbt bbbt b et bbbt 110
Co?* dependence of NiCo riboswitch folding. (A) Rate constants ky_: (red empty
diamonds), ki—u (green empty diamonds), ki—r (red solid circles) and ky—1 (green solid
circles) as a function of [Co?*]. (B) Equilibrium fraction as a function of [Co?*] (green: U,
blue: I, red: F). Solid lines represent fits to the Hill equation (Eq. 5.1). Error bars represent
1o standard deviations of the mean.

FIQUIE 5.6 ..o bbbt bbbt b e bbbt 112
Ni?* dependence of NiCo riboswitch folding. (A) Rate constants ku_: (red empty
diamonds), ki—.u (green empty diamonds), ki—r (red solid circles) and kr_ (green solid
circles) as a function of [Ni?*]; (B) equilibrium fraction as a function of [Ni?*] (green: U,
blue: I, red: F). Solid lines represent fits to the Hill equation (Eq. 5.1). Error bars represent
1o standard deviations of the mean.

FIQUIE 5.7 et b b bbbt bt b e et b e bbbt he e 115
General monovalent/divalent background cation dependence of NiCo riboswitch folding.
Rate constants ky—.1 (red empty diamonds), ki—.u (green empty diamonds), ki—r (red solid
circles) and kr—.1 (green solid circles) are studied as a function of (A) [Na*] and (B)
[Mg?*] concentration. Dashed lines are added to highlight the change in k (or lack
thereof) as a function of cation concentration. Error bars represent 1o standard deviation
of the mean.

I UIE 5.8 e et e e e e b et e b e e e b e b e nha e be e reeane e 116
Temperature dependence of equilibrium constants presented in van’t Hoff plots at (A)
[C0%*] = 0 pmol/LM and (B) [C0?*] = 0.5 umol/L (blue empty diamonds: Ky, pink
solid circles: Ki.r). Data fits with linear regression yield detailed thermodynamic
information (i.e. AH® and AS®) by Eq. 5.2. Error bars represent 1c standard deviations of
the mean.
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L0 TE RS SRSS 119
Temperature dependence of rate constants presented in Eyring plots: ku—r (red empty
diamonds) and kiu (green empty diamonds) at (A) [Co?"] = 0 umol/L and (B) [Co?'] =
0.5 umol/L; ki (red solid circles) and kr_. (green solid circles) at (C) [Co?"] =0
umol/L and (D) [Co?*] = 0.5 umol/L. Data fits with linear regression yield detailed
thermodynamic information (i.e. AH* and ASY) by Eq. 5.3. Error bars represent 1
standard deviation of the mean.

FIUIE 5.10 ..ttt ettt et h e bt Re e b et e e Rt R et ene e be e beaneenre s 125
Detailed energy diagram of NiCo riboswitch folding at (A) [Co?*] = 0 pmol/L and (B)
[Co%*] = 0.5 umol/L, with the unfolded state (U) as reference zero (blue: AG, red: AH,
green: —T(AS) at T =22.5 °C).

T T L= T0 SRRSO 140
Schematic representation of RNA TL-TLR docking/undocking in the presence of large
(PEG) or small (DME) crowders. The RNA sequences color coded in green/red indicate
the tetraloop/tetraloop receptor folding motifs.

FIQUEE B.2 ...ttt ettt e st et e et e e st e s ae et e e aeeebe e teeneesaeeteaneeeteenteeneenres 142
Sample data of single molecule time-dependent Errer trajectories (left panel) and Errer
distributions (right panel) under different crowding conditions: (A) no crowder, (B) 7.5
w% PEG 3k, and (C) 7.5 w% DME.

FIQUIE B.3 .ottt b b bbbt bttt et bbb bbbt 145
Crowder effects on the TL-TLR docking kinetics. (A) Cumulative distribution functions
(CDFs) of docked and undocked dwell time well-characterized by single exponential
decays (B) Crowder concentration dependence of rate constants Kdock and Kundock With
overall trends highlighted in red dashed and green dotted lines, respectively (C)
Crowding effects on rate constants illustrated in unequal free energy shifts in U
(undocked), TS (transition) and D (docked) states. Error bars represent 1o standard
deviation of the mean.

FIQUIE B.4 ..ottt et r et et e e st e e b e et e e ae e e be et e e ae e s aeeteeneeereereeneenres 148
Temperature dependence of TL-TLR docking presented in van’t Hoff plots at elevating
(A) PEG 3k and (B) DME concentrations. Error bars represent 1o standard deviation of
the mean.

FIQUIE B.5 ..ottt ettt e e s e s b e e teeae e st e et e e ae e e aeenteene e beeteeneenreas 152
Crowder size dependence well described by the depletion force model. (A) Crowding
stabilization effects as a function of crowder size at a series of w% concentrations. (B)
Schematic representation of depletion force promoting TL-TLR folding. Error bars
represent 1o standard deviation of the mean. Solid lines represent fits to the depletion
force model (see text for details).

FIQUIE 7.0 ettt bbb bbbt b et e bbb bbbt s 167
SmMFRET experiment data. (A) Cartoon depiction of DNA hairpin secondary structure
folding and (B) the resulting time-resolved single-molecule fluorescent signal from the
donor, Cy3 (green) and acceptor, Cy5 (red). (C) Sample time-dependent Errer
trajectories (blue) and the simulated time trace by the simple thresholding method
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(orange); (D) The corresponding dwell time distribution functions of the folded and
unfolded conformations with (from top to bottom) 0 w% crowder, 7.5 w% dextran, and
7.5 w% PEG. Data are fit to a single exponential decay function to obtain the rate
constants Kroia/Kunfold, With uncertainties evaluated from the fits.

FIQUIE 7.2 ettt s e bttt s e s bt et e e st e e b e e st e e st e s beeteaneenbeenteeneenreas 169
Sample sSmFRET experiment data. (A) Cartoon depiction of TL-TLR tertiary structure
folding and (B) the resulting time-resolved single-molecule fluorescent signal from the
donor, Cy3 (green) and acceptor, Cy5 (red). (C) Sample time-dependent Errer
trajectories (blue) and the simulated time trace by the simple thresholding method
(orange); (D) The corresponding dwell time distribution functions of the folded and
unfolded conformations with (from top to bottom) 0 w% crowder, 7.5 w% dextran, and
7.5 w% PEG. Data are fit to a single exponential decay function to obtain the rate
constants Kroia/Kunfolg, With uncertainties evaluated from the fits.

T SRRSO 172
Crowder effects on DNA hairpin folding at constant room temperature (21 °C). Crowder
concentration dependence of (A) Keq, (B) Kfold, and (C) Kunfold. Error bars represent
standard deviation of the mean (N = 3). Data are fit to a single exponential function based
on the empirical observation of solute effects on the free energy change upon folding (see
text for more details).

FIQUIE 7.4 e b b bbbt bbbt b e bbbt bbb e e 174
Crowder effects on RNA TL-TLR folding at constant room temperature (21 °C). Crowder
concentration dependence of (A) Keg, (B) kfoid and (C) Kunfoia. Error bars represent
standard deviation of the mean (N = 3). Data are fit to a single exponential function based
on the empirical observation of solute effects on the free energy change upon folding (see
text for details).

FIQUIE 7.5 et bbb bbbkttt b e bbbttt b e 177
van’t Hoff plot for the temperature dependent Keq 0f the DNA hairpin construct at
constant crowder concentrations (0 or 7.5 w%). Least squares fits of the data to Eq. 7.1
yield changes in overall enthalpies (AH?) and entropies (AS?).

FIQUIE 7.6 ..ottt ettt b et e s e s be et e e se e e be e beeaeesbeeteeneesaeenteaneenreas 178
Eyring plot for the temperature dependent (A) kfoia and (B) Kunfoid Of the DNA hairpin
construct at constant crowder concentrations (0 or 7.5 w%). Least squares fits of the data
to Eq. 7.2 yield forward/reverse activation enthalpies (AH*) and entropies (AS*) for
kfold/kunfold-

[ 0 UL PSPPSR 181
van’t Hoff plot for the temperature dependent Keq Of the RNA -TL-TLR construct at
constant crowder concentrations (0 or 7.5 w%). Least squares fits of the data to Eq. 7.1
yield changes in overall enthalpies (AH?) and entropies (AS?).

o UL PSPPSR 182
Eyring plots for the temperature dependent (A) kfoid and (B) Kunfoid Of the RNA TL-TLR
construct at constant crowder concentrations (0 or 7.5 w%). Least squares fits of the data
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to Eq. 7.2 yield forward/reverse activation enthalpies (AH*) and entropies (AS?) for
Krotd/Kunfold.

FIQUIE 7.9 ottt s e bttt s e s bt e bt e Rt e sb e et e e st e sbeeteeneenbeenbeeneenreas 185
Folding free energy landscapes of the DNA hairpin construct. (A) Enthalpic and (B)
entropic contributions along the folding coordinate, with the relative enthalpy/entropy of
the unfold state, U conventionally referenced to zero. The corresponding (C) enthalpic
and (D) entropic changes by the three crowders at 7.5 w%. Note that entropic
contributions (-TAS) to the free energies are estimated for room temperature conditions
(21.0 °C).

T T L= 0 SRS 186
Folding free energy landscapes of the RNA TL-TLR construct. (A) Enthalpic and (B)
entropic contributions along the folding coordinate with the relative enthalpy/entropy of
the unfold state, U conventionally referenced to zero. The corresponding (C) enthalpic and
(D) entropic changes by the three crowders at 7.5 w%. Note that entropic contributions (-
TAS) to the free energies are estimated for room temperature conditions (21.0 °C).

FIQUIE 7.1 ot b et bbbt s et e e bbb bbbt 189
Schematic model for the effects of (A) PEG or (B) dextran on folding of the RNA TL-
TLR, highlighting the differential entropic (AAS > 0) and enthalpic contributions (AAH >
0) due to binding of polysaccharide to the greater solvent accessible surface area (SASA)
of the unfolded nucleic acid.

T L= F0 SRRSO 200
Schematic presentation of lysine riboswitch single molecule FRET construct folding. (A)
The induced-fit mechanism of lysine riboswitch folding where 1. lysine binding is
followed by II. the riboswitch conformational change (U = unfolded riboswitch, F =
folded riboswitch, and L = lysine). Note that folding brings Cy3 and Cy5 closer and
thereby increases the FRET energy transfer efficiency (Erret). (B) Sample time
dependent fluorescent signal. The conformational change is visualized by the
anticorrelation between the Cy3 and Cy5 signal, which results in Erret Changes.

FIQUIE 8.2 . bbb bbbt b bbb bbbt 202
Sample Errer trajectories and dwell time analysis. (A) Erret trajectories without PEG. (B)
ErreT trajectories with 8 w% PEG. Note that the construct spends significantly more time
in the high Errer state corresponding to the folded conformation. (C) Dwell time analysis
without PEG. (D) Dwell time analysis with 8 w% PEG. The cumulative distribution
function of the unfolded dwell time decays much more rapidly, corresponding to
accelerated krold.

[ o U TN T PSPPSR 203
PEG-dependent lysine riboswitch folding at a constant lysine concentration (1 mM). (A)
folding equilibrium and (B) kinetics as a function of PEG concentration. Data are fit to a
single exponential function to highlight the rapid rise of Ksoiq and Kroig With increasing
PEG concentration.

o UL TN PP PPTP 205
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Lysine-dependent folding curves at a series of PEG concentrations. Folded fraction Foig as
a function of lysine with (A) 0 w%, (B) 4 w%, and (C) 8 w% PEG. Data are nonlinear least
squares fit to the Hill equation (Eq. 8.1).

FIQUEE 8.5 ..ottt ettt et e e s e st e et e e Rt e et e et e et e aeeteane e re e reaneenreas 207
Lysine-dependent folding and unfolding rates at a series of PEG concentrations. Folding
rate constants Kroia/Kunfoid s a function of lysine with (A) 0 w%, (B) 4 w%, and (C) 8 w%
PEG. The kg data are fit to the Hill-like kinetic equation (Eq. 8.2), while the lysine-
independent Kunfoid data are fit with a horizontal line.

FIQUIE 8.6 ..ottt et b e te st e e b e et e e Rt e bt e teene e be e be e nreas 209
van’t Hoff plots for the temperature dependent lysine riboswitch folding at (A) 0 w%
PEG and (B) 6 w% PEG. [lysine] = 1 mM.

FIQUIE 8.7 et b b bbbkttt b e bbb bt bt 210
Eyring plots for the temperature dependent lysine riboswitch folding at (A) 0 w% PEG
and (B) 6 w% PEG. [lysine] =1 mM.

FIQUIE 8.8 . bbb bbbttt bbb bbbt 212
Free energy landscapes for lysine riboswitch folding. PEG effects on the (A) free energy,
(B) enthalpic, and (C) entropic contributions along the folding coordinate (U = unfolded
state, TS = transition state, and F = folded state). VValues are arbitrarily referenced to zero
for the folded state F.

Lo TU =TS TR SRRSO 214
Normalized Errer distribution of the low Erret population with 0 w% PEG (blue) and 8
w% PEG (red). Bin size = 0.05.

T = TR S USSP OTOSPRST 227
High pressure SmFRET experiment setup: (A) High pressure generating system coupled to
the confocal microscope for sSmFRET freely diffusing study; (B) Top view of the square
capillary alignment to the microscope objective and the high pressure mechanical sealing
strategy.

FIQUIE 9.2 1.t bbbt bbbt b e bbbt b e 230
Details of the DNA hairpin smFRET constructs: (A) Schematic representation of DNA
hairpin folding; (B) The structural details of the complementary strand, with systematic
variations in the duplexing sequence beyond 7-bp denoted in red (A) and green (G). The
location of Cy3 labeling with respective to the duplexing sequence at 3’ end is highlighted
in green, and CyS5 is chemically attached to the 5’ end.

[ o U T TR PSPPSR 231
Sample data and analysis from the freely diffusing SmMFRET studies: (A) Sample time
resolved fluorescent signals from 532 nm laser excitation, with upward green and red
traces corresponding to Cy3 and Cy5 fluorescence channels, respectively. The pink trace
due to 633 nm alternating laser excitation (ALEX) of the diffusing constructs is plotted
downward for direct comparison with the 532 nm excitation signals, confirming the
presence (or absence) of the Cy5 fluor. (B) Single events in the fluorescence traces,
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where arrows point at the fluorescent bursts corresponding to (1) an unfolded doubly-
labeled hairpin, (2) a Cy3-only, (3) Cy5-only and (4) folded doubly-labeled construct. (C)
Sample Erret histogram of the 9-bp (AT) hairpin folding at ambient pressure, fit to a
superposition of two Gaussians. (D) Sample Errer histogram of the 9-bp hairpin folding
at a series of external pressures, revealing a reversible propensity for unfolding with
increasing Pext (1-2500 bar).

FIQUIE 0.4 L.ttt sttt s e s bt et e e Rt e e b e et e e Rt e e beeteene e beenbeaneenreas 236
Pressure dependence of folding for a systematic series of DNA hairpins: (A) Pressure
effects presented in a van’t HOff plot of In[Kroid] versus Pext, for which the slope yields the
free volume change due to DNA stem hybridization (AV® = V%4 — Vunfoid). (B) Volume
changes upon folding (AV®) as a function of number of base pairs in the duplex stems,
which reveal a remarkable linear dependence on nsem; (C) Extrapolation of this linear
dependence on stem length to nsem = O, thereby isolating free volume contributions
(AV%00p) to DNA hybridization from formation of the 40A loop.

FIQUIE 9.5 bbb bbbttt b e bbbt 239
Temperature dependent folding response: (A) Temperature unfolding effects for a for the
series of DNA hairpins presented as a standard van’t Hoff plot, with the slope (m = -AH°
) and intercept yielding the enthalpy and entropy changes upon folding; (B) Enthalpy
change (AH) as a function of stem length (nsem, dark blue), as well as predictions (dark
red) from nearest neighbor model parameters; (C) Entropy change (AS°) as a function of
duplex stem length (dark blue), in comparison to the nearest neighbor model prediction
for fully bimolecular stem formation (dark red). The two additional points in (B) and (C)
(light blue) correspond to data for an alternate 9-bp construct with the 3” d(A-T) replaced
by a stronger d(G-C) base pair. Corresponding enthalpy and entropy predictions from
nearest neighbor model predictions for bimolecular stem formation are also shown (light
red), which suggest a small increase in enthalpy and entropy change under unimolecular
stem formation conditions for a hairpin construct.

FIQUIE 9.6 ...ttt ettt e e s e s be e teeae e et e et e e ae e e aeeteene e reereennenreas 240
Subtraction of the stem length (nstem) dependent contributions from DNA double-strand
formation resulting in single-strand DNA looping (A) enthalpy (AHC0p), (B) entropy
(AS%00p) and (C) free volume (AV%00p) changes. The data is consistent with a simple
linear offset for these loop contributions, indicated by pink, green and orange dashed
lines for enthalpy, entropy and free volume, respectively.

FIGUIE 0.7 ettt bbbt bbbttt b e bbbt b e 248
Summary of our simple additive model for deconstruction of the stem length dependent
(9-bp (AT)) folding thermodynamics of a 40 A DNA hairpin.

[ o UL 0 0 0 PSPPSR 259
Single molecule FRET construct design for studying ligand-induced lysine riboswitch
folding. (A) Crystal structure of the lysine riboswitch. (PDB: 4ERJ) (B) Schematic
representation of lysine riboswitch folding and the energy transfer between Cy3 and Cy5
in each conformation. (Left: unfolded; right: folded)

[ o UL 0 0 PSPPSR 261
High pressure smFRET diffusing experiment setup.
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T T =0 0 SRRSO 264
Sample data and analysis. (A) Representative time-resolved fluorescence trajectories. The
green and red signals plotted upward correspond to Cy3 and Cy5 fluorescence channels,
respectively. The pink traces from 633 nm alternating laser excitation (ALEX) is plotted
downward for direct comparison to conform the presence (or absence) of the Cy5
labeling. (B) Detailed fluorescent traces displaying individual fluorescent events: (1)
folded doubly labeled, (2) Cy3-only and (3) Cy5-only labeled construct. (C) Sample
Errer histogram of the lysine riboswitch folding with [lysine] = 2.0 mM at increasing
pressure. Each set of data is fit to a two-Gaussian function where the high and low Erret
populations correspond to folded and unfolded conformations of the lysine riboswitch
respectively. (D) The In(Kroid) vs P plot where the slope yields the free volume change
during folding AV°.

T T =0 0 SRS 266
Lysine dependent folding at the ambient pressure obtained from smFRET (A) diffusing
and (B) surface tether experiments. Data of fraction folded and kroq are fit to the Hill
equation with floating Hill coefficients n = 0.93(16) and 1.12(17), respectively, consistent
with the expected ligand binding stoichiometry from crystal structure data. In SMFRET
diffusing experiments, the max folded fraction is observed as 0.63(6) at saturating [lysine].
In surface tether experiments where the lysine-dependent folding and unfolding rates can
be obtained by prolonged observation of the fluorescence signals from a single construct
at a time, the Kunfola is found independent of [lysine] as 0.213(14) s and the ko is
determined as 1.51(13) s™* at saturating [lysine], leading to the steady state folded fraction
as 0.88(9). The difference in fraction folded (29(8) %) between the diffusing and surface
tether measurements is made up by the subpopulaion of constructs that are incapable of
folding (28(4) %) from the previous raster scanned image.

Lo T = 0 0 R TSP OOSPRSTN 269
Pressure dependence of folding at series of ligand (lysine) concentrations. (A) In(Kfoid) VS
P plot where the parallel lines indicate constant AV°. (B) The insensitivity of folding AV°
to lysine concentration where the error bars are visually magnified by two with the
vertical break.

FIGUIE 0.6 ..t bbbttt e b bbbt 271
Pressure effects on apparent Kq of lysine binding. Kq increases exponentially with
pressures, suggesting riboswitch-ligand interactions are efficiently weakened at high
pressures.

FIGUIE L0.7 1ot b e b bbbt b et e bbb bbbt 273
Pressure dependence of folding at series of Na* concentrations. (A) In(Krold) vs P plot
where folding shows negligible dependence on [Na*]. (B) [Na'] (in)dependence of AV,

FIGUIE 0.8 ..t bbbttt b bbbttt 275
dependence of folding at series of Mg?* concentrations. (A) In(Kid) vs P plot where
Mg?* greatly promotes folding, while leaving the slopes (AV®) mostly unchanged. (B)
[Mg?] (in)dependence of AV°.

[ o UL T 0 R PRSP 278
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Pressure dependence of folding at series of TMAO concentrations. (A) In(Kroid) vs P plot
where TMAO promotes folding and effectively reduces the slope (AV?). (B) [TMAQ]
dependence of AV°. AV decrease linearly with [TMAO] concentration.

T T =0 0 00 OSSR STURPRT 285
Accessible pressure range for the lysine riboswitch as a function of [TMAOQO], normalized
to the corresponding pressure range at [TMAO] = 0. The grey solid line corresponds the
pressure range without osmolyte effects. The red solid line represents predictions from
the fit of the [TMAQ] dependence of AV® with m = -0.0228(18) mL mol* mM. The
dashed lines indicate effects due to the uncertainty in m on the pressure range as a
function of [osmolyte]: 50% larger (dark red) and 50% smaller (pink) m values.

T T =0 0 0 USSR 286
Iso-Kg curve as a function of both pressure (depth in the ocean) and [TMAQ] where Kq =
0.5 mM. K¢ is maintained by [TMAO] = 1250 mM with A(ocean depth) > 9 km. Data fit
to a negative exponential growth function (red), indicating the TMAO effects are even
stronger at high concentrations. The dashed lines indicate the effects of changes in slope
magnitude on the iso-Kg curve: + 50% (dark red) and — 50% (pink).
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pressurized capillary sample holder. The doubly dye-labeled DNA hairpin construct is
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plots can be used to infer changes in the molar volume with uncertainties (= 1 to 2
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T T =0 SRS 309
dependent van’t Hoff analysis of (A) folding (kfid) and (B) unfolding (Kunfold) rate
constants for a series of monovalent Na* concentrations.

T T 1= 0 5 SR OOSPRS 312
Effective volume change along the folding coordinate as a function of increasing [Na*],
with volume of the unfolded state (Vunfoid) arbitrarily designated as the reference zero.

T T =0 5 SRS 316
Effective volume change along the folding coordinate as a function of increasing [Mg?*],
with volume of the unfolded state (Vunfoid) arbitrarily designated as the reference zero.
Background [Na*] = 50 mmol/L.

T T L= R TSSOSO 318
Pressure dependent folding equilibrium constants (Keg) as a function of Mg?*
concentration, expressed as a van’t Hoff pressure analysis, whereby the slope of these
plots can be used to infer changes in the free volume with uncertainties (1 to 2 mL/mol)
at the 5 to 10% of a single H2O molecule volume (18 ml/mol). Background [Na*] = 50
mmol/L.
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Schematic of the high pressure single molecule FRET experiment showing the instrument
setup. (A) The cartoon representation of the manganese riboswitch construct in the Mn?*-
bound folded conformation where the loop-loop interaction between P1 and P3 stems is
formed. (B) The high pressure generating system coupling to the capillary sample holder
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Pressure-dependent manganese riboswitch folding (A) equilibrium constant and (B)
kinetics rate constant plots, where error bars represent standard deviation of the mean. In
analogy to Eyring analysis of transition state barrier energies, the data are least squares fit
to a single exponential function to obtain quantitative volumetric change information for
AV® and AV¥oigiunfold. [MN?*] = 15 uM; [Mg?*] = 2mM.
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Spinach2-DFHBI fluorescence measurements. (A) DFHBI titration of Sinach2 RNA.
Data are fit to the Hill equation and Kp of DFHBI is determined to be 1.3(2) uM. (B)
TNT titration of Spinach2-TNT construct with saturated [DFHBI] = 20 uM. Note that
despite the fluorescence increases at [TNT] > 10 uM, the count rate is way below the
Spinach2 enhancement (10° vs 107 count per second) and the estimated Kp of TNT for
the TNT aptamer is at low micromolar levels.
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binding site.
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Single molecule FRET experiments of the guanidine-II riboswitch constructs. (A)
illustration of the freely-diffusing experiment and data analysis. (B) Errer distribution of
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trajectories. (A) Chemical structure of pCp-Cy3. (B) Sample fluorescence data at [Mg?']
=0 mM, and (C) [Mg#] = 10 mM. The intermediate Errer State at high [Mg?*] = 10 mM
is indistinguishable with the low Errer state (e.g. the low Errer state at [Mg?*] = 0 mM).



Chapter 1

Introduction

1.1 Nucleic acids

Nucleic acids are large biopolymers that play essential roles in all forms of life and non-
living biochemical machines such as viruses. The fundamental building blocks of nucleic acids
are the nucleotides, consisting of three covalently attached components: a five-carbon sugar, a
phosphate group, and a nucleobase (Figure 1.1).! The two principal categories of naturally
occurring nucleic acids are ribonucleic acid (RNA) and deoxyribonucleic acid (DNA), formed
from ribonucleotide and deoxyribonucleotide subunits, respectively. The only major difference
between these two subunits is the presence (ribonucleotides) or absence (deoxyribonucleotides)

of a hydroxyl group on the 2’ carbon of the 5-carbon sugar.?
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Figure 1.1 Chemical structures of deoxyribonucleotide/ribonucleotide and the corresponding
nitrogenous bases.



1.1.2 Nucleic acid structure and function

There are four different nucleobases: guanine (G), cytosine (C), adenine (A), and thymine
(T) for deoxyribonucleic acid (DNA), and guanine (G), cytosine (C), adenine (A), and uracil (U)
for ribonucleic acid (RNA), respectively (Figure 1.1). The nucleotides are linked by
phosphodiester bonds between the phosphate groups and hydroxyl groups on the 5-carbon sugars
to form a linear polymeric chain,! where the specific sequence of nucleotides defines the primary
(1°) structure of the nucleic acid strand. The genetic information encoded in the DNA nucleic
acid primary sequence (and in turn the transcribed messenger mRNA sequence) contains
instructions for synthesis of proteins that facilitate most cellular function and ultimately allow

organisms to thrive.
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Figure 1.2 Example of RNA hierarchical folding: (from top to bottom) 1°, 2° and 3° structure of
the manganese (Mn?*) riboswitch. (PDB 4Y11)



Although the most fundamental genetic information in DNA and RNA is contained in the
1° structure, the biochemical function of nucleic acids depends famously on the subsequent
development of higher order oligomeric structures (Figure 1.2).2 Specific combinations of
nucleobases in DNA (RNA) can hydrogen bond with one another to form stable Watson—Crick
pairs, with G pairing with C (for both DNA/RNA) and A pairing with T (for DNA) or U (for
RNA) through hydrogen bonding, which are crucial for the secondary (2°) structure formation.
Double helix formation in double-stranded DNA (dsDNA) is arguably the best known and most
prevalent 2° nucleic acid structure,* formed by intermolecular Watson—Crick base pairing
between two complementary DNA strands and allowing efficient storage and readout of
important genetic information. By way of contrast, RNA typically tends to be single-stranded,
but can also form relatively short double helix-like 2° structures (“stems”) between self-
complimentary regions through intramolecular G-C and A-U base pairing. Most importantly, the
regions of unpaired and/or mismatched sequences in single stranded RNA (ssSRNA) permit the
formation of a much wider variety of 2° structures, such as junctions, loops, and bulges, each
element allowing for much higher conformational flexibility.5>® Indeed, it is this larger library of
2° motifs that allows RNA to be more functionally “creative”, with folding interactions among
these 2° motifs allowing for formation of more complex tertiary (3°) structures essential for
biochemically competent catalytic and/or sensing RNAs:” As one CU-centric Nobel prize
winning example, discovery in the 1980s of self-splicing activity by the group I intron® and
RNase P? followed by the hammerhead ribozyme® demonstrated the enormous potential of
ribonucleic acids as enzymatically active species. The 3° interactions among stems, loops and
bulges are each found to play important roles in forming and stabilizing such functional RNA

structures,!! the biophysics of which represents a primary goal of this thesis work.



1.1.2 Nucleic acid conformational transition

With the help of helicases, even the highly thermodynamically stable DNA double helix
unwinds during replication.? This suggests that nucleic acid “structure” must or at least can be
highly dynamic and thus biochemical reactions may require a series of conformational
transitions®3# each occurring on a characteristic time scale. A detailed knowledge of nucleic
acid conformational kinetics therefore represents a fundamental goal for any predictive

understanding of such biochemical processes.

In this thesis, we explore the kinetics of the elemental structural transition, 1° to 2° and 2°
to 3° as well as the more complicated folding of the complete RNA riboswitch (Figure 1.3). One
model transformation system we have studied in detail is 2° structure formation in the DNA
hairpin construct, which consists of two short (7 to 9 nucleotide) complimentary sequences
separated by a 40-adenine linker.*>® for which the two complimentary strands are joined by
Watson—Crick base pairing to form a closed stem-loop configuration. Such 2° folding is not only
the primary structural interaction motif in the DNA double helix but is also essential for the
widely prevalent stem/stem-loop formation in all RNA constructs. Another common RNA
structural motif is the tertiary interaction between 2° elements such as the loop (tetraloop) and
bulge (tetraloop receptor), which is ubiquitously found in RNA 3D crystal structures and can
serve as a nice test construct for study of 3° folding kinetics.*”*® Indeed, the specific tetraloop-
tetraloop receptor docking construct we have chosen to explore is one of the key structural

sequences that modulate catalytic activity for self-splicing in the group I intron.’

Riboswitches are noncoding RNA elements that sometimes appear in the 5° advance
region of a gene which are therefore transcribed first and can undergo structural rearrangement in

response to the presence or absence of specific ligands in the cell. Such ligand-induced
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Figure 1.3 Examples of nucleic acid structural transition explored in this thesis. (A) 1° — 2° DNA
hairpin formation. (B) 2° — 3° loop-bulge interaction between tetraloop and tetraloop receptor.
(C) Full manganese riboswitch aptamer folding, which involves the Mn?*-facilitated loop-loop
folding and the rearrangement of the four-way junction as well as the attached stems.

rearrangements in effect permit regulation of gene expression by sensing of cell environment.*®-
20 As a result, the thermodynamics of riboswitch folding are therefore of particular importance to
gene regulation.?! Of particular dynamic interest, this nascent mRNA begins to form stable
aptamer sensing structures (“aptamer domain”) synchronous with transcription until the complete
riboswitch sequence is produced.??2% Such a “fold-upon-synthesis” process, often termed “co-
transcriptional folding”,2* is therefore heavily impacted by the kinetics of RNA folding.? It is
therefore a crucial evolutionary strategy for the riboswitch to fold into the correct conformation
in response to ligand binding and in turn generate the desired genetic response. In this thesis, we
study the folding kinetics and thermodynamics of a variety of riboswitches. One of the most
extensively studied structures is the manganese riboswitch,?6-?” which conformationally responds
to the presence/absence of Mn?* and thereby regulate the transcription to form a protein

responsible for Mn?* homeostasis. Although such a conformational transition in the riboswitch is



primarily regulated by a Mn?*-promoted 3° loop-loop interaction, allosteric control of Mg?*
binding, rearrangement of the junctional loop and associated stems also play an important part in

the overall folding event.?

1.2 Single molecule FRET Kinetics

Traditional ensemble studies measure quantities that average over ~ 102 molecules.
Because the bulk system is often in rapid dynamic equilibrium due to both forward and
backward reaction pathways, an ensemble experiment typically permits only observation of
equilibrium properties, obscuring any detailed kinetics of the forward/backward folding
reactions. To obtain kinetic information from such ensemble studies requires “molecular
synchronization”, for example, measuring the effective unimolecular rate constant for a non-
equilibrium system returning to equilibrium, where the non-equilibrium state might be caused by
rapid change in temperature/pressure (i.e., T-jump and pressure jJump experiments) or buffer
conditions (e.g., stopped-flow methods).?*-% Despite a rich history, widespread use, and
considerable generality, such synchronization methods often require additionally restrictive
kinetic assumptions, for example, independent knowledge of fast vs. slow kinetic processes to
deconstruct forward and reverse rate constants. Moreover, one additional assumption intrinsic to
ensemble measurements (and perhaps the most critical to biomolecule conformational
transitions) is that all the molecules are exactly identical. In fact, the presence of kinetic
heterogeneity in biomolecule samples is a known issue,? for which study of the resulting

kinetics requires observation of single molecules, one at a time.®2-3

For much of the 20" century, the prospect of studying kinetics at the single molecule

level was thought to be simply a dream. In fact, the underlying physical techniques (lasers,
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Figure 1.4 Schematic of single molecule FRET kinetic measurements and sample data. (A) the
immobilized nucleic acid construct at the laser focus for extended fluorescence observation. (B)
Sample fluorescent signal time trace (upper panel) and the resulting FRET transfer efficiency Errer
trajectory (lower panel). (C) Dwell time analysis; the linearity in the semi-log plots indicates the
folding and unfolding processes are well described by the first order kinetics.

photomultipliers, high NA microscopes, etc.) to achieve this ultimate sensitivity goal had
arguably existed since the 1960s, requiring only particularly intrepid scientists to turn this into a
reality. Indeed, such single molecule observations in early 1990s were first realized by W. E.
Moerner in cryogenic crystals,®-3° with the techniques greatly improved in the next several
decades with the help of more versatile lasers, faster detectors, and brighter fluorophores. It was
later extended to biological samples in coupling with various fluorescence methods including
Foster resonance energy transfer (FRET).36-3" FRET describes the energy transfer between two
chromophores (light-absorbing molecules), where the dipole-dipole transfer efficiency is found
to strongly depend (1/R®) on the distance. It is therefore commonly used in structural studies with
a pair of fluorophores to inform on distance between the labeled folding motifs within
molecule(s) of interest. In this thesis, we utilize FRET between Cy3 and Cy5 fluorophore pair to
visualize the folding of nucleic acids, whereby the change in distance between Cy3 and Cy5
during conformational transition results in different colors (Cy3 (green) vs Cy5 (red)) in

fluorescence. Furthermore, with the confocal microscope setup,® the tightly focused laser allows



us to obtain the fluorescent signal from a single molecule at a time (Figure 1.4A). With surface-
immobilized molecules, direct observation of folding/unfolding dynamics of nucleic acid
structures can be realized by the prolonged observation of FRET from a single fluorophore-
labeled construct (Figure 1.4B). The resulting kinetic information on the folded vs unfolded
status of a single nucleic acid can therefore be obtained by analyzing the time dependent

fluorescent traces for a single molecule (Figure 1.4C).

In addition to measurements of nucleic acid folding/unfolding rate constants, we are also
interested in the response of these rate constants to mono/divalent salts, osmolytes, and
riboswitch ligands. In particular, we can apply kinetic models to ligand-induced riboswitch
folding (see Chapter 3 and 4 in this thesis), which reveal that folding in the presence of
increasing magnesium shifts from a ligand binding-induced conformational change (i.e., “bind-
then-fold” or induced fit: IF) mechanism to that of a pre-formed riboswitch structure successfully
stabilized by subsequent binding of the ligand (i.e., “fold-then-bind” or conformation selection:
CS).*° Moreover, the recognition of multiple conformations (and thus FRET states) is also made
possible with single molecule study. With such smFRET tools, we have successfully resolved
three different conformational states for the Ni?*/Co?*-sensing riboswitch (see Chapter 5),40-4
and can directly monitor the folding of each step promoted by mono/divalent cations and the

relevant riboswitch ligands, respectively.*?

1.3 Thermodynamics of nucleic acid structural transition
In thermodynamics, the Gibbs free energy determines the spontaneity of a reaction (e.g.
conformational transition). It measures the maximum amount of work available from a reaction:

AG = AG° + RTInQ, Eqg. 1.1



where AG? is the change in free energy under standard state conditions (1 atm for ideal gases,
1M for ideal solutes), R the gas constant, and Q the reaction quotient. For a system in
equilibrium, we have AG = 0 and Q = Keq (equilibrium constant), which from Eq. 1.1 can be
rewritten as

AG® = —RTInK,,,

Eqg. 1.2
which denotes the relation between the Gibbs free energy and the equilibrium constant.
1.3.1 Temperature as a variable

Conformational transitions in nucleic acids involve base stacking, hydrogen bond
formation and disruption, as well as change in hydration including cation association and water
reorganization.*® Each of these interactions contribute to changes in enthalpy (AH) and entropy

(AS) of the overall nucleic acid folding.** According the thermodynamic definition of the

standard Gibbs free energy

AG® = AH® — TAS°, Eqg. 1.3

EQ. 1.2 can be rearranged into the van’t Hoff equation

—AG° 1 (—AH® AS©
nKeq = == 7 (F5) + % Eq. 1.4

which permits the deconstruction of the free energy into enthalpy and entropy contributions by
temperature dependence of the folding equilibrium constant.

Our single molecule microscope is equipped with heating (and cooling) devices to
achieve precise and tunable temperature control of the sample.*® Temperature dependent folding
experiments have revealed valuable biophysical insights:*® In particular, we are able to identify
the stabilization effects of PEG (polyethylene glycol) on nucleic acid 2° and 3° structures to be

predominantly entropic (see Chapter 6 and 7),*”*° which is entirely consistent with the crowding
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effect originating from the pure excluded volume interaction.’->! Therefore, the steric constraint
of the crowded intracellular environment may be effectively simulated by PEG to enhance the
applicability of the in vitro studies to in vivo observations.> This successful incorporation of
temperature control can also be extended to single molecule kinetics by Erying transition state

analysis>

E ¥
LA L Eq. 1.5
R T R

In(k) = —
where AH* and AS* are the enthalpic and entropic difference between the transition state and the
folded/unfolded conformations, and v is the attempt frequency for the system to cross the
transition barrier.>*> The resulting detailed thermodynamic characterization allows us to
deconstruct free energy contributions at the folding transition state into both enthalpic and

entropic components, achieving even higher levels of insight into the free energy landscape

topology.

1.3.2 Pressure as a variable

Pressure is another thermodynamic variable that drives biochemical reactions, including
biomolecule folding. Although the effect of air pressure is rather negligible, hydraulic pressure
can change quite rapidly in the ocean environment, at the rate of approximately 1 bar per 10
meters in depth. Marine organisms, especially deep-sea species, thus experience quite high
pressures, with values up to ~ 1.1 kilobars at the deepest part of the ocean/Mariana Trench.>® It is
therefore reasonable to speculate that conformational folding of biomolecules (e.g. proteins and
nucleic acids) in deep-sea species must have evolved to adapt to such extreme pressure
environments. Although there have been several efforts to study pressure effects on biomolecular
folding in the early 1980s,%"8 it is fair to say that the understanding of pressure-induced

conformational change at the molecular level is still in its infancy.>® Specifically, while various
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protein species are found to unfold at high pressures®®- (i..e, pressure-induced denaturation),%?
the corresponding pressure-dependent response for nucleic acid structures is much less well
understood, with the studies to date largely limited to 2° structure formations.5*-%° Since
biomolecular function is strongly tied to structure, the kinetic and thermodynamic
conformational response of nucleic acids to pressure would appear to be critical for evolutionary

strategies adapting to extreme ocean depths.

Recently, single molecule FRET has been incorporated with high pressure systems to
characterize the pressure response of nucleic acid folding (see Chapter 9 and 10).5657 In these
experiments, the excitation laser is focused into the solution to record the fluorescent signal of
molecules diffusing through the focal region,® allowing direct observation of folded vs. unfolded
populations differentiated by FRET efficiency and photon color.®®"0 According to the
thermodynamic relation between free energy and pressure, the volume change during folding

(AV®) can be obtained from pressure dependence of the equilibrium constant®%-61

dlnKeq —-AVO

(5 7= Eq. 1.6

Interestingly, according to Eq. 1.6, the fact that pressure commonly induces unfolding
(denaturation) indicates that biomolecules (such as proteins, nucleic acids) effectively take up
more volume as it folds, despite ostensibly achieving a more compact folded conformation.
Although not yet completely understood, this volume increase during folding is thought to result
from nanoscopic voids/cavities formed in the folded conformation.”"® These cavities may either
exclude the water molecules or disrupt the water network, resulting in a less compact water
structure due to spatial confinement.”* Another possible cause of the larger volume folded state

may be the change in hydration,”7® with the less exposed charged surfaces and (cat)ion
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recruitment result in the surrounding water molecules becoming less aligned by the charged
folded biomolecule. Clearly, the key to resolving such counterintuitive volume change is to

include the surrounding solvent into the physical picture of folding.*> "

In this thesis, we have extended the high pressure single molecule equilibrium studies to
kinetic measurements with surface immobilized nucleic acid constructs (see Chapter 11 and
12).7® The resulting pressure dependent rate constants now inform on the volume changes
associated with the folded, unfolded, and transition state conformations,® and thus provide
particularly novel opportunities for detailed characterization of the volume change along the
nucleic acid folding coordinate. We have determined the volume of nucleic acid monotonically
increases along the nucleic acid folding (Vu < Vs < VE).”® Moreover, we have found AV to be
highly sensitive to cation association; the resulting detailed volumetric information of the folding
landscapes is shown to complement the kinetic modeling performed at ambient pressure,

providing additional insights into cation-nucleic acid interactions.

1.4 Thesis overview

In this thesis, we use single molecule FRET spectroscopy incorporated with temperature
and pressure control to investigate several important topics in biophysics. Chapter 2 describes the
single molecule FRET measurement in detail with special focus on development of the high
pressure experimental apparatus. In Chapters 3 to 5, we study metal cation (Mn?*, Ni%*, and
Co?") sensing riboswitches folding with emphasis on temperature dependent single molecule
kinetics. Specifically, in Chapter 3 and 4, kinetic modeling reveals that the presence of
magnesium cation shifts the predominant folding pathway for the manganese (Mn?*) riboswitch

between two kinetic paradigms of an induced-fit (IF, bind-then-fold) to a conformational
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selection (CS, fold-then-bind) mechanism.?® 3 In Chapter 5, the effects of magnesium induced
pre-folding is again evidenced in the nickel/cobalt (Ni?*/Co?*) riboswitch, which now exhibits
three distinctive FRET states.*? Simply summarized, sequential folding kinetics of the
nickel/cobalt riboswitch reveals that magnesium significantly promotes the formation of this pre-
folded intermediate, but cannot achieve the final folded conformation without obligate Ni?* or
Co?* binding. In Chapter 6, we explore the effects of “molecular crowding” on conformational
folding with single molecule kinetic and thermodynamic studies.*® These studies reveal not only
that stabilization of nucleic acid structure by PEG is predominantly entropic (and well described
by excluded volume models), but rather more surprisingly that this effectiveness (on a w% basis)
increases with decreasing PEG size. Both of these observations are consistent with molecular
crowding effect, in which the excluded volume is the predominant interaction. Chapter 7
explores and reveals the significant additional enthalpic effects of polysaccharides (i.e., dextran
and Ficoll, common protein crowding agents) on nucleic acid folding, in strong contrast with the
predominantly entropic effects of crowding by PEG.*® The effect of molecular crowding on the
lysine riboswitch has been explored in Chapter 8,”° for which kinetic analysis reveals that PEG
promotes riboswitch folding primarily by enhancement in the lysine ligand affinity. In Chapter 9
and 10, we develop and exploit high pressure single molecule FRET methods to study the
pressure dependent folding equilibrium of the DNA hairpin®® and lysine riboswitch,”
respectively. Of special importance, the studies reveal that the osmolyte TMAO (trimethylamine
N-oxide), which has been found to accumulate in deep-sea fish,% effectively protects the lysine
riboswitch from pressure-induced denaturation by not only the stabilization of the folding event
but also a reduced sensitivity to external pressure (AAV%rmao < 0). In Chapter 11 and 12, we

demonstrate the ability to extend these high pressure experiments from equilibrium studies of
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freely diffusing molecules into the time domain by direct monitoring folding kinetics for single
molecule constructs tethered to the inside surface of a high pressure capillary. With this new
capability, we are able to achieve high pressure kinetic measurements of the folding/unfolding
kinetics for both secondary (40A DNA hairpin)’® and tertiary (manganese riboswitch) structure
formation, and thereby infer the “free volume landscape” between unfolded, transition state, and
folded configurations. Indeed, our experimental methods can be taken one step further from
pressure dependent folding studies of the riboswitch measured over a series of Mn?*
concentrations, from which we are able to deduce differential changes in the free volume change
for folding upon binding of the ligand Mn?* (AV®%nd). Interestingly, our measurements reveal
such differential volume effects to be negative (AVing < 0), which implies that ligand binding is
favored with increasing pressure. Coming full circle back to deep sea organisms, such a negative
pressure dependence for ligand binding may help mitigate the positive pressure-induced
unfolding effects on the overall riboswitch structure (AV.iq > 0) and thereby preserve

riboswitch function over wider extremes of pressure.
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Chapter 2

Methods

2.1  Single molecule confocal microscope

Observation of single molecule fluorescence is facilitated by a home-built confocal
microscope.! The microscope system was first set up by a former postdoctoral researcher, Dr.
Jose Hodak, with assistance from a former graduate student, Dr. Julie Fiore, and later modified
by Dr. Erik Holmstrom. In addition to the microscope setup described in this section, both theses
of Dr. Julie Fiore and Dr. Erik Holmstrom are great resources.
2.1.1 Laser excitation path

The excitation source of the single molecule experiment is a 532 nm frequency-doubled
Nd:YAG laser pulsed at 20 MHz. The wavelength is chosen to efficiently excite the FRET donor
Cy3 (absorption Amax = 555 nm) and facilitate the spectral filtering of the resulting Cy3/Cy5
fluorescence (emission Amax = 570/670 nm). The laser output is first polarized by a half wave
plate and a polarizing beam splitter. The 1 mm diameter (1/e?) beam is then expanded by a
Keplerian telescope consisting a pair of lenses with focal lengths 25 mm and 300 mm,
respectively. Before being directed to the back port of the inverted microscope (Olympus 1X70),
the beam is attenuated by an array of neutral density filters in adjustment of the optical power for
single molecule fluorescence experiments. Inside the microscope (Figure 2.1), the beam is
reflected upward by a custom two-color dichroic mirror to a 1.2 N.A. water immersion objective.
With the back aperture (daperture = 9.25 mm) overfilled by the collimated beam, the objective can
effectively focus the laser into a diffraction-limited spot (dx.y = 260 nm) for excitation and

collection of the single molecule fluorescence.



22

heating stage _ TN

I I objective &
resistive heater
— dichroic mirror

mmm=  pinhole
larizi
beam splitter
dichroic mirrors

APD

Figure 2.1 Schematic of the confocal microscope excitation/emission paths. The temperature
control units are indicated in red.
2.1.2 Fluorescence emission path and detection

During single molecule fluorescence experiments, the emitted photons within the laser
focus are collected by the same objective, directed through a dichroic mirror, and focused by a
tube lens (f = 80 mm) before exiting the microscope side port (Figure 2.1). The resulting focused
beam is subsequently filtered by a 50 um pinhole to reject out-of-focus photons and directed to
the detection unit, which contains a tree of four avalanche photodiodes (APDs, SPCM-ARQ-14,
Excelitas). The photons are first spatially separated by polarization with a polarizing beam cube,
and then by color with dichroic mirrors (645DCXR, Chroma Technology). Prior to detection,
photons are filtered by band pass (long pass) filters to reject the photons from excitation source

and ensure only Cy3 (Cyb5) fluorescence reaches the green (red) APDs.
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2.2 Temperature Control

Temperature as an experimental variable enables the deconstruction of the free energy
into enthalpy and entropy contributions (e.g., via the van’t Hoff analysis).> Moreover, in
conjunction with the kinetic information obtained from the single molecule measurements,
temperature dependence helps characterize the thermodynamic property of the transition state,
and in turn construct the energy landscape in both enthalpic and entropic components. Such
abundance of thermodynamic information allows us to readily identify physical phenomena such

as ligand binding and the molecular crowding effect as described later in the thesis.

The temperature control is achieved by sample heating (Figure 2.1). In temperature
dependent experiments, the sample is placed in the chamber of the enclosed heating stage
(Instec) with vacuum grease to increase thermal contact. Moreover, the resistively heated wire-
based collar heater (Bioptechs) is used to warm up the microscope objective to minimize the heat
flow across the sample. With simultaneous heating both the sample and objective, the sample
temperature can be precisely controlled with minimal thermal fluctuation (£ 0.1 °C). It is
important to note due to the delicate nature of optical elements inside the microscope objective,
the maximum heating temperature is limited to 50 °C with a relatively slow temperature ramp of
1 °C/min. The system is allowed to equilibrate for 10 minutes prior to each temperature-
controlled experiment. Although the 20 to 50 °C heating range is sufficient to explore most of the
thermodynamic properties of our interest (i.e., nucleic acid folding), it’s worth noting that an
infrared-based laser heating method is developed by a former graduate student, Dr. Erik
Holmstrom to expand the heading capability (up to 90 °C) in our lab.® For more experiment

details, please refer to his thesis.
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2.3  Sample preparation

We use FRET (Forster resonance energy transfer) to visualize the conformation changes
of biomolecules. To enable FRET observation, biomolecules of interest are doubly labeled with
the Cy3-Cy5 FRET pair, and often with biotin modification to allow surface immobilization

measurements (2.4.2).

2.3.1 Single molecule construct

The doubly fluorophore-labeled construct design is perhaps the most important step for
the single molecule FRET experiment. The goal is to generate a biologically-relevant structure
that i) undergoes conformational transition and ii) generate sufficient contrast in FRET
efficiency, Erret. The selection of the fluorophore-labeling positions is therefore particularly
crucial in construct design. Fortunately, it can be efficiently assisted by known structural data,
especially the crystal structure of the protein/nucleic acid of interest in its native folded state.
Since the characteristic length Ro of the Cy3-Cy5 FRET pair is = 50 A, Errer is extremely
sensitive to the change in distance between Cy3 and Cy5 (~ r®) when r = Ro (Figure 2.2).
Therefore, the general approach is to label Cy3 and Cy5 on each of the stems that are most likely
to undergo conformational transition at a distance that is roughly 5 to 10 A below Ro according
to the structural data of the folded conformation. In that case, we usually obtain a folded/native
conformation with a mid to high Erret value, and would expect a sharp decrease in Erret When
the construct unfolds and brings Cy3 and Cy5 further apart. However, the structure and
consequently the Erret of the unfolded conformation is much less predictable due to lack of
structural characterization. The unsuccessful design may result from insufficient Erret change
upon unfolding or simply the fact that the targeted interaction might not be sensitive to the solute

of interest (e.g., salts, osmolytes, and related ligands) at the physiologically relevant range.
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In the surface immobilization experiments (2.4.2), the construct is tethered to the surface
through biotin-streptavidin interaction, and therefore also needs to be biotin-labeled. Due to the
constraint from the labeling site, we often apply the “flagpole” method to reduce the synthetic
complexity of the oligomers, and provide reliable tethering without significant perturbation from
the surface. Specifically, we attach a biotinylated DNA/RNA flagpole to the dangling extension
strand of the readily fluorophore-labeled construct.! The rigid double-stranded flagpole ensure

the minimal interaction between the construct and the protein-passivated surface.

EFRET

0 25 50 75 100 125 150
distance (A)

Figure 2.2 FRET energy transfer efficiency (Errer) as a function of distance between Cy3 and
Cy5 (Ro =50 A).

With extensive use of the flagpole strategy, our nucleic acid constructs are often
assemblies of two or more oligomers. To prepare the multicomponent construct, the oligomers
are first heat annealed, followed by high performance liquid chromatography (HPLC)
purification. The purified product is stored at -70 °C in 50 mM HEPES buffer with 0.1 mM
EDTA to prevent cleavage of the nucleic acid catalyzed by the divalent cation, e.g. Mg?*. For use

in day to day experiments, aliquot of the stock is dilute to 25 nM and may be stored at -20 °C.

2.3.2 Sample of interest



26

Both the feely diffusing (2.4.1) and the surface immobilization (2.4.2) single molecule
FRET measurements can be performed directly on the glass coverslip under the open-air
condition. However, the data collection often required a extended experiment time. Therefore,
the sandwich style sample holder is preferred in order to minimize the sample evaporation. To
prepare the sandwich style sample holder, two stripes of double-sided sticky tape (3M) are apply
parallelly across the glass slide with a = 5 mm spacing. The space between the double-sided
sticky tapes is subsequently topped with a coverslip to create a channel with the height of = 80
pum, which allows us to flush through the desired solution via the capillary effect. In the single
molecule experiment, the sandwich style sample holder can be directly supported by the
microscope stage with the coverslip side down. In the temperature dependent experiment, the
glass slide support is trimmed down to 25 mm x 25 mm in size by a diamond glass scriber pen in

order to fit in the enclosed chamber of the heating stage (2.2).

For the feely diffusing (see 2.4.1 for more details) experiment, the nucleic acid stock is
diluted in the imaging buffer to obtain the sample solution with 100 pM nucleic acid. The
resulting sample solution can be directly flowed into the sandwich style sample holder for feely
diffusing single molecule study. The imaging buffer contains buffer and background salts,
solute(s) of interest, and the enzymatic oxygen scavenging system (PCA/PCD/TROLOX)* to

catalytically remove oxygen and increase the photostability of the fluorophores.

Sample for the surface immobilization (2.4.2) single molecule measurement requires
additional steps to decorate the surface of the coverslip with nucleic acid constructs via the biotin
streptavidin interaction. First the surface of the coverslip is passivated by flushing the channel of
the sandwich sample holder by a 10% biotinylated BSA (bovine serum albumin) solution (10

mg/mL). The BSA surface is negatively charged and therefore efficiently repels the nucleic acid
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construct to prevent nonspecific surface attachment. The sample holder is then consecutively
incubated with the streptavidin (200 pg/mL) and the biotinylated construct (= 25 pM) solutions
with a 10-minute incubation time for each. Prior to each experiment, the sample holder is flushed

by the imaging buffer with the desired experiment condition.

i
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& ‘@\,\\»
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Figure 2.3 Two common strategies of the single molecule FRET experiment: A) freely diffusing
and (B) surface immobilization. The construct in (B) is tethered to the glass surface through the
biotin-streptavidin interaction.
2.4  Single molecule FRET experiment

The two strategies of the single molecule experiment are illustrated in Figure 2.3. The
freely diffusing method offers a simple way to directly observe the FRET efficiency Erret from
a doubly fluorophore-labeled construct diffusing though the confocal volume, and the results are
free of surface perturbation. The surface immobilization method, on the other hand allows

monitoring the single molecule Errer as a function of time and therefore generate valuable

kinetic information.

2.4.1 Freely diffusing method
To perform the single molecule experiment, the nucleic acid construct is allowed to freely
diffuse in the solution (Figure 2.3A). The excitation laser is focused into the solution and record

the fluorescence signal each time a fluorophore-labeled construct passing through. To ensure
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each fluorescent event comes from a single nucleic acid construct, its concentration needs to be
sufficiently low so only one construct is in the focus at a time. With the present microscope
setup, the 1/e? focus region (termed as confocal volume) is measured as =~ 0.20 fL. The
concentration to have approximately 1 construct per 0.20 fL is calculated to be = 10 nM. We
therefore work with lower construct concentrations ~100 pM to ensure majority of the
fluorescence events coming from a single construct, while being able to acquire sufficient

statistics of fluorescence events within reasonable experiment time.

In practice, the source of Cy3 emission event (Errer = 0) can be complex, including the
doubly fluorophore-labeled construct in the low Errer conformation, construct with
photobleached Cy5, incomplete construct with Cy3 only, and free Cy3 molecule. Therefore, a
635 nm laser is incorporated into the freely diffusing experiment to selectively excite Cy5 (Amax =
650 nm) via the alternating laser excitation scheme (ALEX).® The intervening excitation of Cy3
and Cy5 allows us to confirm the fluorescent event comes from a doubly fluorophore-labeled
construct by examining the signal correlation between the 532 nm and 635 nm excitation

channels.

2.4.2 Surface immobilization method

Surface immobilization permits prolonged observation of the fluorescent signal from a
single nucleic acid construct (Figure 2.3B). To achieve that, a surface scan of the excitation laser
is performed to locate the fluorophore-labeled construct. With extended laser illumination, the
time-dependent fluorescence of the located molecule can be used to calculate the time trajectory
of Errer for further kinetic analysis (Figure 2.4). With the in-house analysis software written by
Dr. Vasiliy Fomenko, the bin time of the resulting trajectory can be adjusted post-acquisition to

improve the signal-to-noise level in trade of the temporal resolution. A simple thresholding
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method can be used to determine the dwell time for each ErreT State when the two Errer
populations are widely separated with respected to their spread (Figure 2.4B). Specifically, an
Errer threshold between two Errer populations is applied to distinguish the state of the nucleic
acid construct at each bin. From that, a collection of dwell time—time spent in a particular
state—can be obtained and further used to acquire the kinetic information (Figure 2.4C). In cases
when the cumulative distribution of dwell time can be well-fit to a single exponential decay

function, the process can be sufficiently described by a first order kinetic constant.
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Figure 2.4 Sample surface immobilization single molecule FRET data. (A) fluorescence signal
from Cy3 (green) and Cy5 (red) as a function of time. (B) the resulting time trajectory of Errer,
where the high and low Errer states corresponding to the folded and unfolded conformation,
respectively. (C) dwell time distributions (plotted in reverse cumulative distribution functions) for
each state. The data are well-fit to a single exponential decay function to obtain the first order
folding and unfolding rate constants kroig and Kunfoid, respectively. Typically, each set of data
contains 20 to 50 molecules throughout this thesis.
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Figure 2.5 Images of the high pressure generating system. (A) The manually operated piston screw
pump and the pressure gauge mounted on the extended surface outside the laser curtain. (B) The
three-way control valve mounted to the optical breadboard that allows vertical translation of the
sample holder. The blue lines/arrows indicate the direction of pressure transmitting through the
high pressure tubing.

2.5  High pressure single molecule experiment

Besides temperature, pressure is another thermodynamic variable that plays an important
role in biomolecule conformational change.® The single molecule experiment is herein
incorporated with a pressure generating system to facilitate the exploration of the pressure

dependent nucleic acid folding.

2.5.1 Pressure generation and transmission

The source of high pressure is a manually operated piston screw pump (Figure 2.5A,
High Pressure Equipment), which is connected through high-pressure stainless-steel tubing to a
bourdon tube pressure gauge for pressure measurements (accuracy = 25 bar).”® The liquid
reservoirs contain ethanol as pressure transmitting fluid in use to remove air bubbles in the
stainless-steel tubing manifold to increase the pressuring efficiency. The pressure is directed to a

three-way control valve for coupling with the high pressure sample cell (Figure 2.5B). Note that
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the control valve is mounted onto an optical breadboard with an adjustable post clamp to allow

the vertical translation along the metal post for sample alignment with the microscope.

A B

360 pm

50 pm

Figure 2.6 Capillary sample holder for the high pressure single molecule experiments. (A) the
cross section of the square capillary. (B) the capillary end glued into the metal plug for coupling
to the high pressure system.

2.5.2 Sample preparation for high pressure measurements

The high pressure sample holder is made from a glass capillary with a square cross
section (Polymicro) while the inner and outer dimensions are measured as 50 pum and 360 pum,
respectively (Figure 2.6A). The small surface area permits the capillary cell to sustain pressure
up to = 4 kilobars. Moreover, the flat surfaces and wall thickness (155 pum) allow it to behave
like a regular coverslip in standard microscope imaging. To prepare the sample holder, one end
of the capillary is first glue to a metal plug with a 450 um diameter hole for further coupling to
the high pressure system (Figure 2.6B). To create an optical window for fluorescence
observation, about 1 to 2 inches of the nontransparent polyimide coating is burned away with a
propane torch. Note that the location of the exposed capillary has to align with the objective after
plugged into the control valve, about 17.5 cm away from the metal plug end in current

instrument configuration.
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In high pressure freely diffusing experiments, the capillary is filled with the imaging
buffer containing the doubly fluorophore-labeled construct through the capillary effect simply by
dipping the metal plug-attached open end into the sample solution. The same end of the capillary
is then dipped into the low-viscosity silicon oil to create a thin film (= 25 to 50 um) inside the
capillary to prevent the sample contamination from the pressure transmitting fluid ethanol.
Before high pressure experiment, the distal end (from the metal plug) of the capillary is sealed

with an oxy-propane torch.

For high pressure surface immobilization experiments,® the sample is prepared by
consecutively flushing the capillary cell with the following solutions: i) 10% biotinylated BSA
(10 mg/mL), ii) streptavidin (200 pg/mL), iii) nucleic acid construct (= 25 pM), and iv) the
imaging buffer (2.3.2). With a mechanical micropipette (Eppendorf) to continuously push the
solutions through the capillary at the flow rate measured as = 2 pL/min, the exposure time for
each solution is approximately 2 minutes. After the interior surface of the capillary is decorated
with nucleic acid in the desired buffer solution, the metal-plug end is then dipped into the silicon
oil, followed by sealing the distal end with an oxy-propane torch prior to coupling to the high

pressure system.
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Chapter 3
Single Molecule FRET Kinetics of the Mn?* Riboswitch: Evidence for Allosteric Mn?*

Control of “Induced-Fit” vs. “Conformational Selection” Folding Pathways

3.1  Abstract

Gene expression in bacteria is often regulated dynamically by conformational changes in
a riboswitch upon ligand binding, a detailed understanding of which is very much in its infancy.
For example, the manganese riboswitch is a widespread RNA motif that conformationally
responds in regulating bacterial gene expression to uM levels of its eponymous ligand, Mn?*, but
the mechanistic pathways are poorly understood. In this work, we quantitatively explore the
dynamic folding behavior of the manganese riboswitch by single molecule FRET spectroscopy
(SmFRET) as function of cation/ligand conditions. From detailed analysis of the kinetics, the
Mn?* is shown to fold the riboswitch by a “bind-then-fold” (i.e., “induced-fit,” IF) mechanism,
whereby the ligand binds first and then promotes folding. On the other hand, the data also clearly
reveal the presence of a folded yet ligand free structure predominating due to addition of
physiological Mg?* to a non-selective metal ion binding site. Of particular kinetic interest, such a
Mg?* “pre-folded” conformation of the riboswitch is shown to exhibit a significantly increased
affinity for Mn?* and further stabilization by subsequent binding of the ligand, thereby promoting
efficient riboswitch folding by a “fold-then-bind” (i.e., “conformational selection,” CS)
mechanism. Our results not only demonstrate Mg?* controlled switching between IF and CS
riboswitch folding pathways, but also suggest a novel heterotropic allosteric control in the

manganese riboswitch activity co-regulated by Mg?* binding.

*This chapter is adapted from: Sung, H.-L.; Nesbitt, D. J. Single Molecule FRET Kinetics of the Mn?*
Riboswitch: Evidence for Allosteric Mg?* Control of “Induced Fit” vs. “Conformational Selection” Folding
Pathways. J. Phys. Chem. B 2019, 123, 2005-2015.
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3.2 Introduction

Riboswitches are cis-acting regulatory RNA strands typically encoded in the 5’ upstream
untranslated regions of the genes which they regulate!*. These structured RNA elements consist
of i) an aptamer domain and ii) an expression platform, whereby the aptamer structurally binds a
cognate ligand, inducing the expression platform to undergo conformational change in response®
6. This conformational shift, in turn, achieves a desired biochemical goal, such as blocked
initiation of the translational event, premature termination of gene transcription, or controlled
cleavage of the mRNA*®. Such regulatory mechanisms of ligand responsive riboswitches are
widely adopted by the bacterial kingdom. Many classes of both translational and transcriptional
riboswitches have been identified and structurally characterized to date, responding to variety of
molecular ligands, including enzymatic cofactors’*, nucleotide derivatives?3, and amino
acids'*8, but also simple atomic ions such as F~ 1718, Mg?* %%, Ni?*/Co?* 2° and Mn?* 2122,

The manganese (Mn?*) responsive riboswitch (commonly denoted as the yybP-ykoY
riboswitch) is now known to be extensively distributed among many bacterial phyla. However,
even simple confirmation of the ligand identity was obtained only recently?*-?2, due primarily to
lack of characterization of the associated genes (yybP and ykoY) in Bacillus subtilis where the
RNA motif was first discovered?. The aptamer domain of the manganese riboswitch comprises a
four-way junction connecting four helices, which in the ligand-bound crystal structure (Figure
3.1A)? coaxially align in pairs to generate a tight hairpin-like conformation. The two helices (P1
and P3) then dock into highly conserved internal loop regions (L1 and L3), forming an elaborate
interface stabilized by two coordinated divalent metal ion sites evident in the crystal structure
(Figure 3.1B). Of these two metal binding sites, the first exhibits a very high specificity for Mn?*

over Mg?*, whereas the second shows little cation selectivity and is largely occupied by Mg?*
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Figure 3.1 Structure of L. lactis yybP-ykoY manganese riboswitch (A) Overall crystal structure
reconstructed from X-ray diffraction data (PDB 4Y1l) (B) Structure of M?* binding sites with
adjacent nucleotides (C) RNA construct design for smFRET experiment.
under physiological conditions. In fact, it is rather remarkable that this RNA riboswitch responds
so preferentially to Mn?* over Mg?*, as both cations are similar in size, charge and coordination
complex geometry?*, particularly with cellular Mg?* concentrations?® 10-100 fold higher than
Mn?*28, From previous mutational studies, it has been demonstrated that the origin of this high
Mn?* selectivity is preferential coordination between manganese and nitrogen (N7) in A41
(Figure 3.1B)%% 2427 35 Mg?* is only known directly coordinated in RNA to oxygen.

Despite detailed crystallographic knowledge of the ligand-bound (i.e. fully-folded)
riboswitch conformation, the dynamics and mechanisms for ligand-aptamer recognition and
folding processes has remained elusive. By way of introduction, ligand promoted folding

mechanisms can generally be classified into two categories, either i) induced-fit (IF) or ii)
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Figure 3.2 Schematic illustration of induced-fit (IF) and conformational selection (CS) pathways
in the context of a four-state kinetic model.

conformational selection (CS)?- (See Figure 3.2). In the induced-fit (IF) mechanism, the ligand
binds to the unfolded conformation and triggers the folding event (“bind-then-fold”), whereas via
conformational selection (CS), the structure dynamically rearranges into a “pre-folded” state that
is subsequently further stabilized by the ligand (“fold-then-bind”). Despite obvious physical
differences between these two kinetic pathways, it has proven quite challenging to distinguish
between them in equilibrium ensemble experiments. With single-molecule methods, by way of
contrast, conformational changes in response to the ligand can be probed at the single construct
level, which in recent studies has enabled the identification of these two distinct IF and CS
folding pathways for both proteins®¥-* and nucleic acids®>-4°,

In this present work, the folding dynamics of the manganese riboswitch are monitored
directly by single-molecule FRET (smFRET) spectroscopy, for which energy transfer (Erret)
between covalently attached Cy3 and Cy5 dyes provides a probe of RNA conformational
changes in real time at the single molecule level (Figure 3.1C). The resulting time dependent
ErreT trajectories provide direct kinetic information on the folding (koid) and unfolding (Kunfoid)
kinetic rate constants, as well as the overall folding equilibrium behavior (Keq = Koid/Kunfold). Of

particular relevance to the present study, the ligand dependence of the folding/unfolding rate
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Figure 3.3 Sample smFRET experimental data; both with background 0.5 mM MgClI; and total
125 mM monovalent cation (A) Visual representation of manganese riboswitch folding changing
the distance between Cy3 and Cy5 (B) (from top to bottom) Fluorescence time traces of signals
from Cy3 and Cy5, the corresponding Errer trajectories, cumulative distribution function of dwell
time analysis.
constants allows the aptamer recognition and folding mechanisms to be kinetically isolated and
characterized individually.

In this investigation of manganese riboswitch folding, we build kinetic models and fit the

SMFRET data as a function of [Mn?*] and [Mg?*] to explicitly demonstrate which of the two (IF

or CS) folding pathways is chosen under a specific cation environment. Interestingly, the work
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reveals that manganese riboswitch folding can be impacted by either [Mn?*] or [Mg?*]. On the
one hand, detailed kinetic analysis of the SmMFRET data reveals a 100-fold greater binding
affinity for Mn?* vs Mg?*, which lends support to the simple Mn?* ligand-promoted “induced-fit”
folding mechanism. However, a parallel Mg?* mediated folding process has also been identified,
specifically in which Mg?* promotes formation of a transient Mn?* ligand-free (apo) pre-folded
state, which then provides a subsequent binding platform for Mn?* to further stabilize the
conformation. We note that such Mg?* control of the kinetic mechanism is strongly reminiscent
of allostery commonly seen in enzymes, whereby binding of an “effector” species can alter the
overall conformation and thereby regulate ligand affinity at a remote binding site.***3. As
explicitly shown in the current SmFRET data, the ability of Mg?* to facilitate riboswitch
sampling states of more fold-like character provides an intriguing example of “RNA
allostery.”*4-% Simply stated, the presence or absence of physiological Mg?* is able to modulate
the Mn*2 riboswitch folding pathway from that of induced-fit (“bind-then-fold”) to

conformational selection (“fold-then-bind”).

3.3  Experiment
3.3.1 RNA construct design and preparation for single-molecule study

The aptamer domain of manganese riboswitch is a hairpin-like structure rearranged with
four helices joined by a four-way junction (see Figure 3.1A). As shown in this crystal structure
21 folding between loops L1 and L3 can be stabilized by one Mn?* and one Mg?* (or a second
Mn?*) through metal coordination. The sSmFRET RNA construct (Figure 3.1C) is designed to

probe the interaction between L1 and L3 that are not only considered as the major structural
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change during riboswitch folding but also have been identified as crucial elements for ligand
recognition and binding?-2,

The manganese riboswitch in this work is constructed from the sequence of Lactococcus
lactis that has been structurally characterized in previous studies.?! To achieve surface
immobilization and dye labeling, the riboswitch construct is formed by annealing three
chemically modified RNA oligos from Integrated DNA Technologies (IDT, Coralville, 1A): (i)
Biotinylated strand 1, 5’-biotin- GUG UGU GUG UGU GUG GCA AAG GGG AGU AGC
GUC GGG AAA CCG AAA CAA AGU CGU CAA UUC GUG AGC GCA CuC GUC UGA
G-3’; (i1) Cy3 labeled strand 2, 5°’-GGU ACG CAC GUA CGG UAU GUU UAG CAA GAC
CU-Cy3- UUG CCA CAC ACA CAC ACA C-3’; and (iii) Cy5 labeled strand 3, 5°-Cy5-CUC
AGA CGA GUG CGC UCA CCG GCU UUG UUG ACA UAC CGU ACG UGC GUA CC-3°
(Figure 3.1C). Each end of the open helix is extended from its native sequence by 14 base pairs
to stabilize the RNA trimer construct under all experimental cation conditions of interest. The
FRET pair Cy3 and Cy5 are labeled at the end of P1 and P3 respectively with distance between
them estimated from crystal structure plots to be ~45 A2, For the characteristic Forster length of
the Cy3 and Cy5 FRET pair (Ro ~50 A), we expect an intermediate Erret (~ 0.5) state for the
folded conformation, which will drop to FRET values near zero in the unfolded state due to the
rapid ~1/R® dependence on distance. (Figure 3.3).

The RNA molecules for smFRET studies are tethered on the surface of glass coverslip by
biotin-streptavidin interactions. Sample preparation is accomplished by successively flushing the
sample holder in the following solution order to obtain ~50 RNAs per 100 um? surface coverage:
(i) 10 mg/mL bovine serum albumin (BSA) with 10% biotinylated BSA, (ii) 200 pg/mL

streptavidin solution, (iii) ~ 25 pM of the biotin/dye labeled and annealed RNA riboswitch
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construct, with the samples allowed to incubate for 10 mins between each step. Immediately
prior to a specific SmFRET data run, the sample holder is then flushed by a buffer containing (i)
50 mM hemisodium HEPES buffer (pH 7.5), (ii) enzymatic oxygen scavenger cocktail
(PCD/PCA/Trolox) to catalytically remove oxygen, (iii) 100 mM NaCl to provide background
monovalent salt, and (iv) sufficient MgCl. and/or MnCl; to tune the divalent cation

concentrations over the desired dynamic range.

3.3.2 Single-molecule FRET spectroscopy and data analysis

A 532 nm beam from a pulsed Nd:YAG laser (10 ps pulses at a 20 MHz repetition rate) is
directed onto a sample through an inverted confocal microscope with a 1.2 N.A. water
immersion objective. The beam is collimated with lenses in the backplane to overfill the limiting
microscope aperture, resulting in a diffraction limited laser excitation/collection spot (rx.y ~250
nm). For the SmFRET experiments, the laser illuminates the surface of coverslip with sub-
femtoliter confocal volume control to allow observation of single fluorophore-labeled RNA
constructs. The resulting fluorescence signal is then collected through the same objective and
split by i) color (green/red) and ii) polarization (horizontal/vertical) before detection on four
single photon avalanche photodiodes (APDs). For each photon detection event, 4 bits of
information (color, polarization, wall clock time (+ 50 ns) and microtime with respect to the laser
pulse (= 50 ps)) are recorded with a time-correlated single-photon counting (TCSPC) module.

The donor/acceptor fluoresence photon arrivals as a function of wall clock time are
analyzed with in-house software to generate background and cross talk corrected Erret =
I(red)/(I(green) + I(red)) trajectories with 20-ms bin time resolution (Figure 3.3B). Since

populations for the two distinct riboswitch conformations are quite separated in ErreT value, a
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simple thresholding routine can be used to obtain dwell time distributions for the ensemble of
time durations spent in the folded (docked) vs. unfolded (undocked) state between transitions.
The folding (docking) equilibrium constant (Keq ~ [fold]/[unfold]) can be accurately measured by
1) ratios of total dwell times for folded and unfolded states, but with far more detailed
information on the folding/unfolding kinetic rate constants obtained from ii) analyzing
cumulative distribution functions (CDFs) for the individual dwell times (P(z)/P(0))*'. The
resulting plots of In [P(t)/P(0)] vs. low FRET and high FRET dwell times are linear (see Figure
3.3B, lower panel), corresponding to single exponential decays that yield first order docking and

undocking rate constants (Kdock and Kundock), respectively.

3.4  Results and analysis
3.4.1 Manganese riboswitch folding kinetics with Mg?* alone

Structural changes in the manganese riboswitch construct are signaled by the labeled
Cy3/Cy5 FRET dye pair, with FRET energy transfer clearly evident in the anti-correlated red
and green fluorescent signals as function of time (Figure 3.3B upper panel). The resulting Erret
time trajectories indicate that the manganese riboswitch oscillates between two states with
distinct Errer values ~ 0.5 and 0, consistent with predictions based on the construct geometry.
The high Errer state corresponds to a fully folded conformation with the two L1 and L3 loops
mutually docked onto each other, while the low Errer state corresponds to an unfolded
conformation with the two loops substantially further apart.

In these SMFRET experiments, the presence of either Mg?* or Mn?* divalent metal cation
is required for folding of the manganese riboswitch. Specifically, no folding events are seen at

background (125 mM) monovalent salt levels. However, as evident in the trajectories in Figure
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3.3B, transitions between high and low Erret states are readily observed already at 0.5 mM
Mg?*, with the low Errer state more dominant and the RNA mostly unfolded. On the other hand,
with addition of only 100 uM Mn?* (right panels of Figure 3.3B), the high Errer population
becomes significantly more prominent, indicating that the overall stability of the folded
manganese riboswitch is promoted by its eponymous ligand Mn?*. Note that from Errer values,
the folded states promoted by Mn?* and Mg?* alone are indistinguishable, consistent with Mg?*
alone being capable of facilitating L1 and L3 docking and promoting transcriptional readthrough
in previous in vitro transcription assay at relatively high concentration (> 10 mM)?2L,

We first explore the Mg?* concentration dependence of manganese riboswitch folding in
absence of ligand ([Mn?*] = 0), explicitly probing the equilibrium folded fraction as a function of
[Mg?*]. The sample data in Figure 3.4A make it clear that Mg?* promotes folding and the data
exhibit minimal cooperativity, as evidenced by a nearly linear increase in folded fraction at low

[Mg?*]. The results can be fit to a modified Hill equation®®-3;

_ [M“]n
fraction folded = Fy + (1 — Fy) X Fg | =——5=), Eq. 3.1

Kp"+[M2+]n
where Fo and Fs are attributed to folding under [Mg?*] = 0 and saturation conditions respectively.
The effective binding constant Kp is determined as 1.1(2) mM for Mg?* with a Hill coefficient of
n ~1.3(2). In general, the Hill coefficient n indicates the number of associated ligands (Mg?*)
during folding. As a result, n could moderately depend on [Mg?*] since, as [Mg?*] increases,
more Mg?* ions may preferentially surround the negatively charged RNA to facilitate folding.>*
However, within the limited range of [Mg?*] explored, as well as with sufficient background
monovalent cations (> 100 mM), n can be treated as a constant in our study.>*°® The n = 1.3(2)
indicates a negligible level of cooperativity in Mg?*-mediated folding. Despite n is not always

equivalent to the binding stoichiometry, one nearly fully (5-fold) coordinated Mg?* has been
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Figure 3.4 Mg?* dependence of manganese riboswitch folding (A) equilibrium fraction folded as
a function of [Mg?*] (B) Mg?* dependence of rate constants at [Mn?*] = 0 mM (C) A four-state
model for Mg?* facilitated manganese riboswitch folding kinetics.

found crucial to stabilize the L1 and L3 folding interface of the manganese riboswitch in
previous structural study (consistent with n = 1).2! We therefore simplify our kinetic analysis
with a model of single Mg?* binding. The deviation of n = 1.3(2) from 1 may indicate the weak

association of the divalent cation Mg?* accumulated around the negatively charged RNA. As we
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shall see, this non-cooperativity (n = 1) of Mg?* raises the intriguing possibility that occupancy
of the non-selective site by Mg?* can promote conformational changes in manganese riboswitch,
in particular shifting the mechanistic folding pathway from an induced fit (IF) kinetic paradigm

to one of conformational selection (CS).

In addition to the above equilibrium results, the SmFRET time traces also permit direct
measurement of the folding/unfolding rate constants Kroid and Kunford as a function of [Mg?*]
(Figure 3.4B). The near-linear dependence of kroiq at low [Mg?*] again suggests the folding
process to be non-cooperative with effectively only single Mg?* binding. We thus restrict our
analysis of the kinetic data to a single binding site (n = 1), which, assuming rapid equilibration
between Mg?* associated/dissociated species, is equivalent to the well-known four-state model
(folded vs. unfolded and Mg?* bound vs. unbound), used in previous studies*”>"*8 and shown
schematically in Figure 3.4C. In such a four-state model, the apparent single exponential
folding/unfolding rate constants can be analytically derived to be:

kij—1+kz/—2Kq/p[Mg?*]

Kota unfola = 1+Kq/p[Mg?+]

Eq. 3.2

(where subscripts designate folding and unfolding pathways, respectively) and used to least
squares fit the folding/unfolding kinetic data in Figure 3.4B. First of all, kfia at [Mg?*] =0
(Figure 3.4C, Table 3.1) is indistinguishable from zero and indeed yields zero folding events in
the absence of any divalent cations. To limit the number of free parameters and parameter
correlation, we set ki1 ~ 0, though the results are in fact insensitive to whether ki is left freely
floating in the least squares fits. Physically this would imply that all riboswitch folding events
occur from the Mg?* bound construct (i.e., kz), which also explains the kinetic saturation

behavior achieved at high Mg?* >> 1/K, = 4.7(8) mM.
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k, (s7) K (s7) 1/K, (mM)
3-parameter fit -0.3(4) 7.7(4) 3.4(7)
k, fixed 0* 8.3(6) 4.7(8)

Table 3.1 Least squares fit results of the smFRET kinetics for Mg2+ promoted folding of the Mn®'
riboswitch.

In dramatic contrast, the unfolding rate constant, Kunfold = 2.7 s, shows essentially no
dependence on [Mg?*] over nearly two orders of magnitude (300 uM to 15 mM). In the context
of a 4 state-kinetic model, this would be consistent with either (i) Ky strongly favoring Mg?*
binding to the folded riboswitch (F) and thus only the rate constant kunfold ~ k1 is measured even
at the lowest Mg?* levels, or (ii) Kunfold = k-1 = K2 and the unfolding results are therefore perfectly
insensitive to Mg?*. Furthermore, no sSmFRET transitions are observed at [Mg?*] = 0, which
again implies that ki ~ 0 within experimental uncertainty. Since ki/k-1= [F]/[U] requires [F] <<
[U], the Kinetic analysis for kunfold becomes completely insensitive to k-1 due to [F] << [FMg]
~ [U]. Simply stated, the effective unfolding rate constant kunfola ~ 2.7 s can be ascribed entirely
to k-2, with FMg as the dominant folded species at our lowest possible [Mg?*] ~ 300 uM and
unimolecular unfolding from FMg to UMg as the predominant unfolding channel. In essence, the
independence of Kunfola 0N Mg?* signals facile Mg?* binding to the folded riboswitch (1/Kp <<
300 uM), which prevents probing sSmFRET kinetics at sufficiently low Mg?* to accurately
sample the [Mg?*] = 0 unfolding rate pathway.

As a unifying theme, we return to characterizing the Mg?* promoted folding/unfolding pathways
in terms of the “induced fit” vs “conformational selection” kinetic limits, which can be visually
distinguished by either counterclockwise (blue arrow) vs clockwise (orange arrow) pathways

around the 4-state kinetic model (see Figure 3.4C). The purely Mg?* promoted folding/unfolding
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kinetics for the Mn?* riboswitch clearly follows the “induced-fit” paradigm, i.e., whereby Mg?*
binding to the riboswitch is a prerequisite for folding. (Indeed, the dramatic insensitivity of Kunfold
to Mg?* follows directly from an induced-fit mechanism.) Specifically, this implies for our
riboswitch a predominantly clockwise kinetic pathway (Figure 3.4C, orange) from the unfolded
(V) to the Mg?*-bound and folded (FMg) state, without corresponding evidence for a

counterclockwise pathway (Figure 3.4C, blue) involving a Mg?*-free folded (F) riboswitch
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E 201
1]
15
S

1.0 1
Q kfold
Q 0.5 -
=y
©
=~ 0.0 -

0 200 400 600 800
[Mn?] (uM)

Hill Model U + 2Mn < FMn, K

K, K
e ﬁ
U+Mn = UMn +Mn 2 UMn,

k-1t ¥ ki ks 1 l ks k4 T 1 Ky
F+Mn < FMn + Mn 2= FMn,
K, K;

Figure 3.5 Kinetics of Mn?* promoted manganese riboswitch folding (A) Mn?* dependent Kroiq and

Kunfold (B) Scheme of extended Hill model into six-state kinetic model (least squares fit results
summarized Table 3.2).
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3.4.2 Manganese riboswitch folding kinetics with Mn?* alone

As a next step up in kinetic complexity, we have similarly investigated the SmMFRET
kinetics of Mn?* mediated folding of the riboswitch in absence of Mg?*, with the kinetic data
summarized in Figure 3.5A. Note that such conditions now allow the cognate ligand Mn?* to
occupy both highly selective and non-selective binding sites on the riboswitch, from which we
might anticipate strong cooperativity in a Hill kinetic analysis at sufficiently low Mn?*,
Fortunately, the effective folding rate constant ki is clearly measurable by sSmFRET methods
even at [Mn?*] > 30 uM, which is sufficient for multiple folding events to be observed within the
experimental photobleaching time window. As expected, the rate constant kfoiq increases
supralinearly at low [Mn?*] and eventually approaches an asymptotic value, consistent with
sigmoidal growth kinetics and a positive cooperativity (i.e., Hill coefficient n > 1). Conversely,
Kunfold decreases rapidly with increasing Mn?*, also gradually reaching an asymptotic rate
constant at saturating Mn?* conditions.

From a least squares fit analysis of ksoiq (Figure 3.5A) and the fraction folded (Figure
3.6A\), the Hill cooperativity is found to be n = 2.0(3) and 2.1(2), respectively. This is consistent
with the presence of two Mn?* jons associated with the riboswitch during the folding process and
as confirmed by x-ray crystallography.?! To appropriately include the effects of these two
divalent cations, we therefore must expand our previous 4-state model into a more detailed
kinetic model with n = 2 (see Figure 3.5B). Such a 6-state kinetic treatment incorporates folding
and unfolding processes between each of the RNA conformations associated with zero, one and
two Mn?* cations, which requires a large number of model kinetic parameters. To limit
parameter correlation and make such a multistate treatment mathematically tractable, therefore,

we have assumed that the Mn?* association/dissociation processes for the unfolded (K.) and
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folded (Kr) states are both rapid and insensitive to number of Mn?* (i.e., Ke = Ky). In this kinetic
limit, the apparent Kroig and Kunfoid rate constants can be analytically expressed in terms of rate and
equilibrium constants as:

ky/-1+ks/_sKe s [Mn?*]+ky _4KZ [Mn?*]?
1+Ke/f[Mn2+]+K§/f[Mn2+]2

kfold/unfold = ) Eqg. 3.3

which can be least squares fit to the SmFRET kinetic dwell times. Sample kinetic data are shown
in Figure 3.5A, with least square fitted results from the Mn?* dependent studies summarized in
Table 3.2, where the docking rate constant in the absence of Mn?* (ki =~ 0) is fixed at zero as per
experimental observation. Interestingly, the binding constant [(Kes)™] is found to be ~ 2-fold
smaller for the folded vs. unfolded state, reflecting a higher ligand affinity riboswitch
conformation when the binding site is pre-organized by docking of L1 and L3. In addition, the
data reveals a systematic speed up of the folding rate processes (e.g. ks > k3 > ki), as well as a
corresponding slowing down of the unfolding rate processes (k-1 > k-3 ~ k-4) with incremental

MnZ* association.

k(s ks (s) ky (s) K, (uM)
4-parameter 0.3(5) -1.0(17) 2.87(15) 115(53)
k, fixed 0* 0.1(5) 2.89(14) 151(32)

k(s ks (s ky (s K; (uM)
4-parameter 2.6(3) 0.2(12) 0.24(18) 84(47)

Table 3.2 Least squares fit results of the smFRET kinetics for Mn’ promoted folding of the Mn®
riboswitch.

Once again, the prerequisite of one or both Mn?* ligands for folding of the manganese
riboswitch is consistent with a predominantly “induced-fit” (IF) mechanism. Indeed, the least

squares fit indicates that the overall folding rate for the riboswitch is dominated by the doubly
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Mn?* associated unfolded state (ks). However, the data are agnostic whether or not folding can
be achieved with only a single Mn?*, due to residual uncertainty in ks = 0.1(5). If ks is finite,
folding could be induced by a single Mn?* occupying one of the two metal binding sites, with the
folded conformation further stabilized by sequential binding of a second Mn?*. Indeed, this

proves to be the case for tandem Mg*? and Mn*? promoted folding, as explored in detail below.

3.4.3 Synergistic folding in the presence of both Mn?* and Mg?*

Armed with this information on individual Mg?* and Mn?* promoted folding pathways, we can
now tackle the more complex yet biologically relevant “multi-cation” kinetic nature of this
riboswitch. As mentioned in the introduction, previous structural studies have demonstrated that
the manganese riboswitch contains two highly coordinated divalent metal binding sites: one with
a more than 200-fold selectivity for Mn?* over Mg?* and the other with essentially no preference
between the two cations?'. Consequently, manganese riboswitch folding is therefore dependent
on the simultaneous occupancy of both selective and non-selective binding sites. To address the
role of such heterogeneous binding sites, we have studied the equilibrium folding behavior and
its dependence on [Mn?*] for a series of different Mg?* concentrations.

The resulting equilibrium folding fractions are fit to the modified Hill equation (Eq. 3.1),
with the results summarized in Figure 3.6A, B, and C. In the absence of Mg?* (Figure 3.6A), the
presence of Mn?* promotes efficient fractional folding from 0.0 to ~ 0.9 with an effective Kp =
111(4) uM. The clear, sigmoidal nature of this curve is again indicative of a strong positive
cooperativity, which can be least squares fit with a Hill coefficient of n = 2.1(2). Interestingly,
the Hill coefficient for Mn?* systematically drops from n = 2.1(2) to 1.0(3) as [Mg?*] increases

from 0 to 2 mM (Figure 3.6A to 3.6C). This would be consistent with a simple kinetic picture
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whereby, of the two metal binding sites, one is exclusively reserved for Mn?* binding, while the

other could be equally well occupied by Mn?* or Mg?* under near physiological conditions.

Moreover, it also suggests that the occupancy of the non-Mn?* selective site by Mg?* is

responsible for “pre-folding” conformational kinetics promoted by Mg?* alone, as previously

described in Section 3.4.1.
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Besides providing a source of cation competition for the non-selective binding site,
another clear effect of Mg?* in Figure 3.6A, 3.6B, 3.6C is that it dramatically lowers the
effective Kp for Mn?* facilitated folding from 111(4) to 16(5) uM. Similar synergistic effects
have been observed in other riboswitches, where the presence of Mg?* is shown to significantly
enhance ligand affinity 5 %1, Since the ligand-free “pre-folded” conformation of the
manganese riboswitch is promoted solely by Mg?", it is likely that such a structure has higher

Mn?* ligand affinity due to formation of a new binding site.

35 Discussion
3.5.1 Induced fit vs. conformational selection mechanisms: dependence on Mn?*/Mg?*
alone

We have presented extensive SmFRET Kkinetic data for folding and unfolding of the
manganese riboswitch, which has two binding sites (on Mn?* and Mg?*) and therefore generates
a complex parameter space of concentrations to explore. In this discussion, we present evidence
that even in such complex kinetic folding landscapes, we can be guided by simple considerations
of a few limiting kinetic mechanisms and pathways. There are two commonly proposed (and
often debated) biophysical mechanisms (see Figure 3.2) for ligand-promoted folding of a
biomolecule, either by “induced-fit” or “conformational selection” processes.zg'32 In the induced-
fit (“bind-then-fold”) mechanism, the ligand (L) binds tightly to an initially unfolded structure
(V), changes some folding transition state barrier/rate constant, which in turn kinetically
facilitates formation of a ligand bound folded state (FL). In the simplifying kinetic framework
pictured in Figure 3.2, this would be represented by the clockwise, orange path. Conversely, in

the conformational selection paradigm (“fold-then-bind”), the unfolded state dynamically
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searches over a large ensemble of folded/unfolded conformations (U;), with the ligand
preferentially binding to states with more fold-like character (Fj) and thus driving the equilibrium
towards the folded state (FL). In the context of Figure 3.2, this would be represented by the
counterclockwise, blue path. As shown in previous SmMFRET Kinetic studies of riboswitch
folding®, the dependence of kunfola ON ligand concentration can clearly distinguish between these
two mechanisms. For a conformational selection (CS) process, Kunfold Should depend strongly on
ligand concentration due to rapid equilibration between ligand-free (fold-like) and ligand-bound
(folded) states. For the induced-fit (IF) mechanism, on the other hand, kunfoid Will be relatively
insensitive to ligand concentration, since the dominant pathway is unfolding of the ligand-bound
state. On the other hand, the requirement of ligand binding prior to folding and the linear
response of Kroig On ligand concentration both support the IF mechanism. However, there could
be potential ambiguity about whether or not the lifetime of the “pre-folded” state (which could
be quite dynamic) is long enough to be detected under experimental conditions. The actual
folding mechanism is therefore not determined by kroiq alone but more by the integrated kinetic
picture.

We first consider the folding kinetics in the absence of the Mn?* ligand, i.e., pure Mg?*
controlled folding. From Figure 3.4B, Kunfold is clearly independent of [Mg?*]. Moreover, the fact
that krla Vanishes at [Mg?*] ~ 0 indicates that binding of the Mg?* ligand is crucial for folding.
Both of the above statements strongly support an induced-fit mechanism for riboswitch folding
with respect to a single Mg?*. Thus, despite the fact that Mg?* is not cognate for the manganese
riboswitch, it can still act as a ligand to promote folding through an induced-fit mechanism. This
folding pathway is already illustrated in the upper half diagonal subset of the 4 state kinetic

model presented in Figure 3.2 and Figure 3.4C, by which Mg?* predominantly associates with
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the unfolded riboswitch (UMg), which then folds to form FMg (“bind-then-fold”). Conversely,
exponential decay of the folded conformation occurs simply via unimolecular unfolding from the
cation bound FMg state, which would explain why kunfoia is Kinetically independent of Mg?*
concentration.

Similarly, for riboswitch folding kinetics observed solely in the presence of Mn?* (i.e.,
[Mg?*] = 0, see Figure 3.5A), the folding rate constant i) vanishes in the limit of [Mn?*] = 0 and
il) exhibits a strong positive cooperativity (n = 2.0(3)). Both of these observations signal an
induced-fit mechanism for ligand promoted folding of the manganese riboswitch, as explicitly
demonstrated by fitting rate constants to the six-state kinetic model (Figure 3.5B, upper half
diagonal and Table 3.2). However, in contrast to Mg?* dependent folding, Kunfola NOW depends
significantly on Mn?*, decreasing rapidly at low concentration to a saturation value. As shown in
the kinetic model, the folded species can associate up to two Mn?* and each state may exhibit a
distinct unfolding rate. Since we are able to probe manganese riboswitch folding at sufficiently
low [Mn?] (= 30 uM), the rapid equilibrium between the three folded conformations with

different numbers of bound Mn?* cations can explain the Mn?* dependence in Kunfold.

3.5.2 Mg? mediated manganese riboswitch folding under physiological conditions

The folding of the manganese riboswitch in the presence of Mn?* and Mg?* alone have
been determined by the above kinetic analysis to proceed by an induced-fit mechanism.
However, under more physiologically relevant cation conditions, the presence of both Mn?* and
Mg?* need to be considered. Indeed, typical Mg?* concentrations inside bacterial cells are already
at the few millimolar level, while Mn?* concentrations range from only ten to hundreds of

micromolar?®-%, Furthermore, Mg?* is known to be a particularly relevant cation for formation
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and maintenance of RNA tertiary structure, as well as to promote pre-folded structures relevant
to the conformational selection mechanism. In fact, it has been suggested in previous studies that
conformational selection is the preferred pathway for Mg?* promoted riboswitch folding and that
[Mg?*] may be responsible for shifting the folding mechanism from induced-fit to
conformational selection3® 3840.50,

In the current SmMFRET experiments, the ligand-free “pre-folded” riboswitch structure is
directly observable in the presence of Mg?* alone and, according to Errer Value, is structurally
indistinguishable from the ligand-bound folded state. It has also been shown that magnesium
effectively promotes formation of a ligand-free folded species under physiologically relevant
concentrations of Mg?* (Kp ~ 1.1 mM). It is worth remembering that ligand (Mn?*) facilitated
folding of the manganese riboswitch in the absence of Mg?* proceeds via an induced-fit (IF)
mechanism. The ligand-free folded structure achieved with single site Mg?* binding can
therefore results in a “kinetic shift” toward the conformational selection (CS) folding pathway,

due to a selectively available Mn?* vacant site as well as increased cognate ligand affinity in the

pre-folded state. In the presence of Mn?*, this pre-folded structure can be stabilized by ligand

,\

U+ Mg &= UMg + Mn 7> UMgMn
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Figure 3.7 The dominant folding pathways and equilibriums in the extended kinetic model with
both Mg?* and Mn?* present.
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association, further shifting the equilibrium towards a fully folded riboswitch conformation
(Figure 3.7).

To provide further experimental validation for such a Mg?* induced switch between
induced fit (IF) and conformational selection (CS) mechanisms, we must include additional
pathways in our kinetic model (Figure 3.7), whereby the Mg?* associated yet ligand-free pre-
folded state can further accommodate a Mn?* cation. In Section 3.4.1, we demonstrated that the
Mg?*-bound pre-folded structure FMg is the dominant folded species in presence of
physiological magnesium. With Ky, = [FMg]/[F] >>1 largely favoring the FMg state, it is clear
under physiological [Mg?*] (~2 mM) that the dominant folded species are in rapid equilibrium
between FMg and FMgMn. This makes K. the key driver of the pre-folded (FMg) structure
towards a ligand-bound fully folded state (FMgMn) through conformational selection. Since
there are only two species differing by absence or presence of Mn?*, the apparent Kunfold can be

written as:

k_p+k_sK [Mn27]
1+K [Mn2+]

kunfold = ) Eqg. 3.4

which of course closely parallels the kinetics of unfolding with single Mn?* association in the
four-state model. (djn) The model is then applied to the [Mn?*] dependence of Kunfoia (Figure
3.8A, Kunfold decay from [Mn?*] = 0 to saturation [Mn?*]), revealing that the effective Mn2*
binding constant Kp (= (Kc)™Y) is reduced to 14(2) pM from 84 uM, approximately 6 times
enhancement in Mn?* affinity for the Mg?*-bound ligand-free folded state. Therefore, we not
only isolate the ligand-free pre-folded manganese riboswitch with Mg?*-mediated folding but
also demonstrate such pre-folded structure can effectively associate one Mn?* into its fully
folded state with even higher ligand affinity, indicating Mg?* is the key to shifting the folding

mechanism from induced-fit to conformational selection.
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It is worth noting that such binding-promoted change in conformation and ligand affinity by
Mg?* resembles the allosteric control strategy widely adopted in the regulation of enzymes*'4,
In allosteric regulation, a specific molecule (“effector’) binds to a site removed from the active
site to induce conformational changes that either promote or inhibit enzymatic activity. In the
manganese riboswitch, Mg?* binding facilitates the sampling of states with more fold-like
character (e.g. L1-L3 docking), which enhances Mn?* affinity and thus biochemical competence
for promoting gene expression. It is worth noting that one of the gene products of this riboswitch
is the manganese efflux pump®2-%, a transporter protein that actively removes Mn?*. Thus, one
control loop for Mn?* transport would be that physiological [Mg?*] conditions lead to greater
activation of the manganese riboswitch, resulting in more efflux pump proteins produced, which
in turn promote removal of excess Mn?*. Conversely, under reduced [Mg?*] conditions, fewer
Mn?* transporters are synthesized and thus more Mn?* remains to maintain cellular function.
Though the actual metal homeostasis pathways may be more complicated, the data suggest that
allosteric modulation of the manganese riboswitch by Mg?* is designed to confer evolutionary
advantage.

The concept of “RNA allostery” has been discussed previously in the literature, though
some could argue that all riboswitches are modulated by ligand-induced conformational changes
and thus operate allosterically.®>® If we focus on cases where riboswitch functionality is
activated by multiple copies of the same ligand*®, several systems (e.g., Ni>*/Co?* 2° and
tetrahydrofolate riboswitches®’) may be regarded as examples of homotropic RNA allostery, with
behavior often identified by cooperativity in Hill plots.*® The more distinctive case of

heterotropic allostery (i.e., conformational activation of ligand binding by a different ligand), on
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Figure 3.8 Manganese riboswitch folding under near physiological condition with both Mg?* and
Mn?* (A) Decay of normalized Kuntors from [Mn?*] = 0 to saturation condition suggests Mg?*
enhances the ligand (Mn?*) affinity. (B) Schematic of dominant folding pathway indicating that
Mg?* pre-folds the RNA via an induced-fit (IF) mechanism and then Mn?* stabilizes the folded
conformation by a conformational selection (CS) mechanism.

the other hand, would appear to be far less common in RNA. Indeed, to date, the c-di-GMP-11
riboswitch-ribozyme is the only known system with well-characterized heterotropic RNA
allostery. In this system, cyclic-di-GMP binds to a pseudo knot to stabilize the folded aptamer
structure in the riboswitch, exposing a downstream ribozyme core domain which then binds with
GTP to promote self-splicing activity.®8-%° In this work, we report another example of
heterotropic allostery in the RNA world, where the conformation of the manganese riboswitch
responds to the presence of Mg?*, which in turn enhances riboswitch activity by increased
affinity for a remote, highly selective cognate Mn?* ligand. Considering that cations are known

to in general promote RNA structure formation, one might speculate whether or not Mg?*

facilitates manganese riboswitch folding through some more universal cation effect. However,
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the distinct 5-fold coordination of the Mg?* binding site and the correlation between [Mg?*] and
manganese riboswitch function suggests a designated allosteric control loop that could play a
role in metal ion homeostasis inside cells. Finally, the smFRET data explicitly reveals that Mg?*
promotes a dynamical sampling of more fold-like configurations of the manganese riboswitch,
which suggests a case where allostery kinetically observed under ensemble conditions may

reflect a more dynamic rather than fully stabilized structural effect.*4-4®

3.6 Summary and Conclusion

The equilibrium and kinetics of manganese riboswitch folding have been studied with sSmFRET
microscopy as a function of divalent Mn?* and Mg?* concentrations. It has been shown that the
folded riboswitch structure is promoted by the presence of Mn?* and Mg?*, alone as well as in
tandem. In single molecule studies of the folded fraction (FF) under equilibrium conditions, Hill
analysis suggests that two Mn?* ions are cooperatively associated with folding of the riboswitch,
consistent with the presence of two different M?* binding sites with a 200 fold difference in
selectivity to the cognate Mn?* ligand.?* Magnesium concentration dependent studies indicate
that Mg?* does not occupy the Mn?* specific binding site, with Hill analysis of the kinetics
confirming that only a single Mg?* associates with the riboswitch during folding. Both the Mg?*
and Mn?* Kkinetic results can be well fit to 4- and 6-state kinetic models, respectively, with rate
constants indicating that prior binding of the cations is a prerequisite to subsequent folding of the
manganese riboswitch, as per an induced-fit (“bind-then-fold”’) mechanism. By way of contrast,
our analysis of riboswitch folding kinetics in the presence of both Mn?* and Mg?* indicates that
the most relevant equilibrium is between a Mn*? ligand-free “pre-folded” structure (containing

one Mg?*) and the corresponding Mn?* ligand-bound folded structure, where Mn?* binding to the
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ligand-free pre-folded structure represents the rate limiting pathway for stabilization of the
folded riboswitch. Such a kinetic process corresponds to a conformational selection (“fold-then-
bind’’) mechanism, with the shift between induced fit (IF) and conformational selection (CS)
pathways mediated by cellular levels of Mg?*. Moreover, the ability to directly observe and
isolate such Mg?* induced structures in a SmFRET experiment provides support for the
widespread notion that Mg?* promotes formation of ligand-free “pre-folded” structures in a
conformational selection pathway. In fact, such Mg?* induced changes in riboswitch
conformation and subsequent cognate ligand affinity is analogous to the allosteric regulation
behavior commonly noted in protein enzymes, suggesting that a similar regulatory strategy may

be adopted by both RNAs and proteins.

3.7 References

1. Nahvi, A.; Sudarsan, N.; Ebert, M. S.; Zou, X.; Brown, K. L.; Breaker, R. R., Genetic
Control by a Metabolite Binding mRNA. Chem. Biol. 2002, 9 (9), 1043-1049.

2. Tucker, B. J.; Breaker, R. R., Riboswitches as versatile gene control elements. Curr.
Opin. Struct. Biol. 2005, 15 (3), 342-348.

3. Breaker, R. R., Riboswitches and the RNA World. Cold Spring Harbor Persp. Biol.
2012, 4 (2), 1-15.

4. Serganov, A.; Nudler, E., A Decade of Riboswitches. Cell 2013, 152 (1), 17-24.

5. Roth, A.; Breaker, R. R., The Structural and Functional Diversity of Metabolite-Binding
Riboswitches. Annu. Rev. Biochem. 2009, 78 (1), 305-334.

6. Garst, A. D.; Edwards, A. L.; Batey, R. T., Riboswitches: Structures and mechanisms.
Cold Spring Harbor Persp. Biol. 2011, 3 (6), a003533.

7. Montange, R. K.; Batey, R. T., Structure of the S-adenosylmethionine riboswitch
regulatory mRNA element. Nature 2006, 441, 1172.

8. Serganov, A.; Polonskaia, A.; Phan, A. T.; Breaker, R. R.; Patel, D. J., Structural basis
for gene regulation by a thiamine pyrophosphate-sensing riboswitch. Nature 2006, 441,
1167.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

61

Thore, S.; Leibundgut, M.; Ban, N., Structure of the Eukaryotic Thiamine Pyrophosphate
Riboswitch with Its Regulatory Ligand. Science 2006, 312 (5777), 1208-1211.

Gilbert, S. D.; Rambo, R. P.; Van Tyne, D.; Batey, R. T., Structure of the SAM-II
riboswitch bound to S-adenosylmethionine. Nat. Struct. Molec. Biol. 2008, 15, 177.

Lu, C.; Smith, A. M.; Fuchs, R. T.; Ding, F.; Rajashankar, K.; Henkin, T. M.; Ke, A.,
Crystal structures of the SAM-I1I/SMK riboswitch reveal the SAM-dependent translation
inhibition mechanism. Nat. Struct. Molec. Biol. 2008, 15, 1076.

Serganov, A.; Yuan, Y.-R.; Pikovskaya, O.; Polonskaia, A.; Malinina, L.; Phan, A. T;
Hobartner, C.; Micura, R.; Breaker, R. R.; Patel, D. J., Structural Basis for Discriminative
Regulation of Gene Expression by Adenine- and Guanine-Sensing mRNAs. Chem. Biol.
2004, 11 (12), 1729-1741.

Batey, R. T.; Gilbert, S. D.; Montange, R. K., Structure of a natural guanine-responsive
riboswitch complexed with the metabolite hypoxanthine. Nature 2004, 432, 411.

Mandal, M.; Lee, M.; Barrick, J. E.; Weinberg, Z.; Emilsson, G. M.; Ruzzo, W. L.;
Breaker, R. R., A Glycine-Dependent Riboswitch That Uses Cooperative Binding to
Control Gene Expression. Science 2004, 306 (5694), 275-279.

Serganov, A.; Huang, L.; Patel, D. J., Structural insights into amino acid binding and
gene control by a lysine riboswitch. Nature 2008, 455, 1263.

Serganov, A.; Patel, D. J., Amino acid recognition and gene regulation by riboswitches.
Biochim. Biophys. Acta 2009, 1789 (9), 592-611.

Baker, J. L.; Sudarsan, N.; Weinberg, Z.; Roth, A.; Stockbridge, R. B.; Breaker, R. R.,
Widespread Genetic Switches and Toxicity Resistance Proteins for Fluoride. Science
2012, 335 (6065), 233-235.

Ren, A.; Rajashankar, K. R.; Patel, D. J., Fluoride ion encapsulation by Mg?* ions and
phosphates in a fluoride riboswitch. Nature 2012, 486, 85.

Dann, C. E.; Wakeman, C. A; Sieling, C. L.; Baker, S. C.; Irnov, I.; Winkler, W. C.,
Structure and Mechanism of a Metal-Sensing Regulatory RNA. Cell 2007, 130 (5), 878-
892.

Furukawa, K.; Ramesh, A.; Zhou, Z.; Weinberg, Z.; Vallery, T.; Winkler, Wade C.;
Breaker, Ronald R., Bacterial Riboswitches Cooperatively Bind Ni?* or Co?* lons and
Control Expression of Heavy Metal Transporters. Mol. Cell 2015, 57 (6), 1088-1098.

Price, I. R.; Gaballa, A.; Ding, F.; Helmann, J. D.; Ke, A., Mn?*-Sensing Mechanisms of
yybP-ykoY Orphan Riboswitches. Mol. Cell 2015, 57 (6), 1110-1123.



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

62

Dambach, M.; Sandoval, M.; Updegrove, Taylor B.; Anantharaman, V.; Aravind, L.;
Waters, Lauren S.; Storz, G., The Ubiquitous yybP-ykoY Riboswitch Is a Manganese-
Responsive Regulatory Element. Mol. Cell 2015, 57 (6), 1099-1109.

Barrick, J. E.; Corbino, K. A.; Winkler, W. C.; Nahvi, A.; Mandal, M.; Collins, J.; Lee,

M.; Roth, A.; Sudarsan, N.; Jona, I., et al., New RNA motifs suggest an expanded scope
for riboswitches in bacterial genetic control. Proc. Natl. Acad. Sci. USA 2004, 101 (17),
6421-6426.

Harding, M. M.; Hsin, K.-Y., Mespeus—A Database of Metal Interactions with Proteins.
In Structural Genomics: General Applications, Chen, Y. W., Ed. Humana Press: Totowa,
NJ, 2014; pp 333-342.

Grubbs, R. D., Intracellular magnesium and magnesium buffering. BioMetals 2002, 15
(3), 251-259.

Helmann, J. D., Specificity of Metal Sensing: Iron and Manganese Homeostasis in
Bacillus subtilis. J. Biol. Chem. 2014.

Chen, Y.; Li, X.; Gegenheimer, P., Ribonuclease P Catalysis Requires Mg?* Coordinated
to the pro-Rp Oxygen of the Scissile Bond. Biochem. 1997, 36 (9), 2425-2438.

Leulliot, N.; Varani, G., Current Topics in RNA—Protein Recognition: Control of
Specificity and Biological Function through Induced Fit and Conformational Capture.
Biochem. 2001, 40 (27), 7947-7956.

Boehr, D. D.; Nussinov, R.; Wright, P. E., The role of dynamic conformational
ensembles in biomolecular recognition. Nat. Chem. Biol. 2009, 5, 789.

Stelzer, A. C.; Kratz, J. D.; Zhang, Q.; Al-Hashimi, H. M., RNA Dynamics by Design:
Biasing Ensembles Towards the Ligand-Bound State. Angew. Chem. Int. Ed. 2010, 49
(33), 5731-5733.

Haller, A.; Souliere, M. F.; Micura, R., The Dynamic Nature of RNA as Key to
Understanding Riboswitch Mechanisms. Acc. Chem. Res. 2011, 44 (12), 1339-1348.

Weikl, T. R.; Fabian, P., Conformational selection in protein binding and function.
Protein Sci. 2014, 23 (11), 1508-1518.

Kim, E.; Lee, S.; Jeon, A.; Choi, J. M.; Lee, H.-S.; Hohng, S.; Kim, H.-S., A single-
molecule dissection of ligand binding to a protein with intrinsic dynamics. Nat. Chem.
Biol. 2013, 9, 313.

Gouridis, G.; Schuurman-Wolters, G. K.; Ploetz, E.; Husada, F.; Vietrov, R.; de Boer,
M.; Cordes, T.; Poolman, B., Conformational dynamics in substrate-binding domains
influences transport in the ABC importer GInPQ. Nat. Struct. Mol. Biol. 2014, 22, 57.



35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

63

Brenner, M. D.; Scanlan, M. S.; Nahas, M. K.; Ha, T.; Silverman, S. K., Multivector
Fluorescence Analysis of the xpt Guanine Riboswitch Aptamer Domain and the
Conformational Role of Guanine. Biochem. 2010, 49 (8), 1596-1605.

Haller, A.; Rieder, U.; Aigner, M.; Blanchard, S. C.; Micura, R., Conformational capture
of the SAM-II riboswitch. Nat. Chem. Biol. 2011, 7, 393.

Wood, S.; Ferré-D’Amaré, A. R.; Rueda, D., Allosteric Tertiary Interactions Preorganize
the c-di-GMP Riboswitch and Accelerate Ligand Binding. ACS Chem. Biol. 2012, 7 (5),
920-927.

Haller, A.; Altman, R. B.; Souliére, M. F.; Blanchard, S. C.; Micura, R., Folding and
ligand recognition of the TPP riboswitch aptamer at single-molecule resolution. Proc.
Natl. Acad. Sci. USA 2013, 110 (11), 4188-4193.

Xia, T.; Yuan, J.; Fang, X., Conformational Dynamics of an ATP-Binding DNA
Aptamer: A Single-Molecule Study. J. Phys. Chem. B 2013, 117 (48), 14994-15003.

Suddala, K. C.; Wang, J.; Hou, Q.; Walter, N. G., Mg?* Shifts Ligand-Mediated Folding
of a Riboswitch from Induced-Fit to Conformational Selection. J. Am. Chem. Soc. 2015,
137 (44), 14075-14083.

Monod, J.; Changeux, J.-P.; Jacob, F., Allosteric proteins and cellular control systems. J.
Mol. Biol. 1963, 6 (4), 306-329.

Perutz, M. F., Mechanisms of cooperativity and allosteric regulation in proteins. Q. Rev.
Biophys. 1989, 22 (2), 139-237.

Peselis, A.; Gao, A.; Serganov, A., Cooperativity, allostery and synergism in ligand
binding to riboswitches. Biochimie 2015, 117, 100-109.

Kern, D.; Zuiderweg, E. R. P., The role of dynamics in allosteric regulation. Curr. Opin.
Struct. Biol. 2003, 13 (6), 748-757.

Motlagh, H. N.; Wrabl, J. O.; Li, J.; Hilser, V. J., The ensemble nature of allostery.
Nature 2014, 508, 331.

Thayer, K. M.; Lakhani, B.; Beveridge, D. L., Molecular Dynamics—Markov State Model
of Protein Ligand Binding and Allostery in CRIB-PDZ: Conformational Selection and
Induced Fit. J. Phys. Chem. B 2017, 121 (22), 5509-5514.

Sengupta, A.; Sung, H.-L.; Nesbitt, D. J., Amino Acid Specific Effects on RNA Tertiary
Interactions: Single-Molecule Kinetic and Thermodynamic Studies. J. Phys. Chem. B
2016, 120 (41), 10615-10627.

Fiegland, L. R.; Garst, A. D.; Batey, R. T.; Nesbitt, D. J., Single-Molecule Studies of the
Lysine Riboswitch Reveal Effector-Dependent Conformational Dynamics of the Aptamer
Domain. Biochem. 2012, 51 (45), 9223-9233.



49,

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

64

Schroeder, Kersten T.; Daldrop, P.; Lilley, David M. J., RNA Tertiary Interactions in a
Riboswitch Stabilize the Structure of a Kink Turn. Structure 2011, 19 (9), 1233-1240.

Hennelly, S. P.; Novikova, I. V.; Sanbonmatsu, K. Y., The expression platform and the
aptamer: cooperativity between Mg?* and ligand in the SAM-I riboswitch. Nucleic Acids
Res. 2013, 41 (3), 1922-1935.

Lamichhane, R.; Daubner, G. M.; Thomas-Crusells, J.; Auweter, S. D.; Manatschal, C.;
Austin, K. S.; Valniuk, O.; Allain, F. H.-T.; Rueda, D., RNA looping by PTB: Evidence
using FRET and NMR spectroscopy for a role in splicing repression. Proc. Natl. Acad.
Sci. USA 2010, 107 (9), 4105-4110.

Fragata, M.; Dudekula, S., Nonlinear Enhancement of Oxygen Evolution in Thylakoid
Membranes: Modeling the Effect of Light Intensity and B-Cyclodextrin Concentration. J.
Phys. Chem. B 2005, 109 (30), 14707-14714.

Moyon, N. S.; Mitra, S., Luminol Fluorescence Quenching in Biomimicking
Environments: Sequestration of Fluorophore in Hydrophobic Domain. J. Phys. Chem. B
2011, 115 (33), 10163-10172.

Leipply, D.; Draper, D. E., Dependence of RNA Tertiary Structural Stability on Mg2+
Concentration: Interpretation of the Hill Equation and Coefficient. Biochem. 2010, 49 (9),
1843-1853.

Grilley, D.; Soto, A. M.; Draper, D. E., Mg**—RNA interaction free energies and their
relationship to the folding of RNA tertiary structures. Proc. Natl. Acad. Sci. USA 2006,
103 (38), 14003-14008.

Leipply, D.; Lambert, D.; Draper, D. E., lon—-RNA Interactions: Thermodynamic
Analysis of the Effects of Mono- and Divalent lons on RNA Conformational Equilibria.
In Methods Enzymol., Academic Press: 2009; Vol. 469, pp 433-463.

Fiore, J. L.; Holmstrom, E. D.; Fiegland, L. R.; Hodak, J. H.; Nesbitt, D. J., The Role of
Counterion Valence and Size in GAAA Tetraloop—Receptor Docking/Undocking
Kinetics. J. Mol. Biol. 2012, 423 (2), 198-216.

Kim, H. D.; Nienhaus, G. U.; Ha, T.; Orr, J. W.; Williamson, J. R.; Chu, S., Mg?*-
dependent conformational change of RNA studied by fluorescence correlation and FRET
on immobilized single molecules. Proc. Natl. Acad. Sci. USA 2002, 99 (7), 4284.

Baird, N. J.; Inglese, J.; Ferré-D’ Amaré, A. R., Rapid RNA-ligand interaction analysis
through high-information content conformational and stability landscapes. Nature Comm.
2015, 6, 8898.

Leipply, D.; Draper, D. E., Effects of Mg?* on the Free Energy Landscape for Folding a
Purine Riboswitch RNA. Biochem. 2011, 50 (14), 2790-2799.



61.

62.

63.

64.

65.

66.

67.

68.

69.

65

Yamauchi, T.; Miyoshi, D.; Kubodera, T.; Nishimura, A.; Nakali, S.; Sugimoto, N., Roles
of Mg?* in TPP-dependent riboswitch. FEBS Lett. 2005, 579 (12), 2583-2588.

Waters, L. S.; Sandoval, M.; Storz, G., The Escherichia coli MntR Miniregulon Includes
Genes Encoding a Small Protein and an Efflux Pump Required for Manganese
Homeostasis. J. Bacteriol. 2011, 193 (21), 5887-5897.

Veyrier, F. J.; Boneca, I. G.; Cellier, M. F.; Taha, M.-K., A Novel Metal Transporter
Mediating Manganese Export (MntX) Regulates the Mn to Fe Intracellular Ratio and
Neisseria meningitidis Virulence. PLoS Path. 2011, 7 (9), e1002261.

Li, C.; Tao, J.; Mao, D.; He, C., A Novel Manganese Efflux System, YebN, Is Required
for Virulence by Xanthomonas oryzae pv. oryzae. PLOS ONE 2011, 6 (7), e21983.

Winkler, W. C.; Dann Ill, C. E., RNA allostery glimpsed. Nat. Struct. Mol. Biol. 2006,
13, 5609.

Mandal, M.; Breaker, R. R., Gene regulation by riboswitches. Nature Rev. Molec. Cell
Biol. 2004, 5, 451.

Trausch, Jeremiah J.; Ceres, P.; Reyes, Francis E.; Batey, Robert T., The Structure of a
Tetrahydrofolate-Sensing Riboswitch Reveals Two Ligand Binding Sites in a Single
Aptamer. Structure 2011, 19 (10), 1413-1423.

Lee, E. R.; Baker, J. L.; Weinberg, Z.; Sudarsan, N.; Breaker, R. R., An Allosteric Self-
Splicing Ribozyme Triggered by a Bacterial Second Messenger. Science 2010, 329
(5993), 845-848.

Chen, A. G. Y.; Sudarsan, N.; Breaker, R. R., Mechanism for gene control by a natural
allosteric group I ribozyme. RNA 2011, 17 (11), 1967-1972.



66

Chapter 4
Novel Heat-Promoted Folding Dynamics of the yybP-ykoY Manganese Riboswitch:

Kinetic and Thermodynamic Studies at the Single Molecule Level

4.1  Abstract

Riboswitches are highly structured RNA elements that regulate gene expressions by
undergoing conformational changes in response to their cognate ligands. Such regulatory
strategies are particularly prevalent among bacteria, which need to be evolutionarily responsive
to thermal fluctuations in the surrounding environment, for example, generating extremophiles
evolved to survive anomalously high or low temperatures. As a consequence, the response of
such riboswitches to thermal stress becomes of considerable interest. In this study, the
temperature-dependent folding kinetics and thermodynamics of the manganese riboswitch (yybP-
ykoY) is studied by single-molecule FRET spectroscopy under external thermal control.
Surprisingly, the folding of the manganese riboswitch is found to be strongly promoted by
temperature. Detailed thermodynamic analysis of the equilibrium and forward/reverse kinetic
rate constants reveal folding to be a strongly endothermic process (AH > 0) made feasible by an
overall entropic lowering (-TAS< 0) in free energy. This is in contrast to a more typical picture of
RNA folding achieving a more compact, highly ordered state (AS < 0) and clearly speaks to the
significant role of solvent/cation reorganization in the folding thermodynamics. With the help of
transition state theory, free energy landscapes for the manganese riboswitch are constructed from

the temperature-dependent kinetic data, revealing two distinctive folding mechanisms promoted

*This chapter is adapted from: Sung, H.-L.; Nesbitt, D. J. Novel Heat-Promoted Folding Dynamics of the
yybP-ykoY Manganese Riboswitch: Kinetic and Thermodynamic Studies at the Single Molecule Level. J.
Phys. Chem. B 2019, 123, 5412-5422.
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dependence for folding of the manganese riboswitch may reflect evolution of bacterial gene

regulation strategies to survive environments with large temperature variations.

4.2 Introduction

Riboswitches are noncoding mRNA elements that regulate gene expression by
undergoing conformational change upon ligand binding!-. These riboswitches are particularly
widely exploited in bacterial gene regulation, responding to a wide variety of ligands including
small molecule metabolites and atomic ions*®. The structure of a riboswitch is typically
comprised of an aptamer domain and an expression platform®®. The aptamer domain of a
riboswitch structurally conforms to selectively capture its cognate ligand, while the expression
platform adopts a distinctive folding structure in response to the aptamer. Such complex
conformational transitions result in clear “on” and “off” states of a riboswitch , which can
structurally regulate downstream gene expression. Common regulatory strategies include
premature transcriptional termination and blocked translation initiation*>.

Temperature is known to significantly influence biomolecular structure and,
consequently, biochemical function. Folding into a more ordered RNA structure typically results
in a state of lower entropy’® (-TAS > 0) with the net folding enthalpically driven (AH < 0) by
interactions such as hydrogen bonding and charge neutralization®°. By Le Chatelier’s principle,
such enthalpically driven processes give rise to strongly temperature dependent equilibrium and
kinetic behavior. The requisite exothermicity for such structure formation, in turn, is routinely
observed and confirmed in many examples of thermal denaturation, whereby biomolecules
unfold from their native structures with elevated temperature'-12. However, in contrast to these

more conventional pictures of folding, some biomolecules are found to unfold with decreasing
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temperature, i.e., so called “heat-promoted folding” or, equivalently, “cold denaturation”*4,

Such reversal in the normal paradigmatic behavior can arise, for example, from changes in the
solvent configurations dominated by hydrophobic and hydrophilic interactions, which also
contribute significantly to the overall free energy and thereby influence the thermal sensitivity of
biomolecular folding” *>, In the case of cold denaturation, it is the entropic gain in solvent
configuration which overcomes any entropic penalty associated with a more compact structure,
thus providing a predominantly entropic driving force for biomolecular folding.

Unlike many proteins which function from a native folded state, riboswitches regulate
gene expression dynamically by switching between on and off configurations in response to
cellular environment and ligand association. As the two different conformational states result in
opposite biochemical outcomes, it is reasonable to expect gene regulation by riboswitches to be
modulated by temperature. However, exactly how a riboswitch reacts to thermal stress remains
unclear, due to the fact that both on and off state conformations each contain complex secondary
and tertiary structural motifs. This provides important motivation for exploring temperature
dependent dynamics of riboswitch folding as well as consideration of any potential evolutionary
advantages. Given that bacteria can experience significant temperature fluctuations in their
environment and indeed some may even endure high or low extremes'’-°, it is not surprising that
they may have evolved to incorporate thermal stress as an important element in gene regulation
strategies®®23. In fact, some temperature-responsive RNA motifs commonly referred to as “RNA
thermometers” have been discovered??2. Similar to riboswitches, they often regulate genes
related to heat shock response by a thermally responsive conformational change. The results of

the present study take this concept one step further, suggesting that temperature modulation
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might be a common feature of riboswitch gene regulation and thus potentially a more general
protective mechanism for bacteria under thermal fluctuations and/or biochemical distress.

As the particular focus of this work, the manganese riboswitch is found extensively
distributed in the noncoding regions of bacterial MRNA?2?42®_ It responds to micromolar of
cellular Mn?* and regulates the expression of genes responsible for metal homeostasis, including
the manganese efflux pump, a transport protein that removes excessive Mn?* from the cell?"°,
The aptamer domain of manganese riboswitch consists of four helices tethered by a four-way
junction (Figure 4.1A and 4.1C). In the ligand-bound folded state identified in previous x-ray
studies® (Figure 4.1A), the four helices coaxially align into a tight hairpin-like structure with
docking between two highly conserved loops L1 and L3. The docking interface formed by L1
and L3 contains one Mn?* specific binding site and one non-selective divalent cation M?* (M =
Mn or Mg) binding site that is predominantly occupied by Mg?* due to natural physiological
abundance (Figure 4.1B). Regulation of gene expression can therefore be activated by single
metal ion (M?*) binding, followed by L1 and L3 docking.

In this study, thermal response of the manganese riboswitch is studied by single-molecule
FRET (sSmFRET) spectroscopy and kinetics under external temperature control (x 0.1 °C), where
conformational folding of a single RNA molecule is monitored by FRET energy transfer
efficiency (Erret) as a function of time. The resulting Erret time trajectories not only explicitly
recapitulate the equilibrium folding behavior but also contain detailed information on single
molecule kinetics for further analysis of the unimolecular folding/unfolding rate processes.
Indeed, it has long been recognized that “co-transcriptional formation” of the natively folded
riboswitch structure is a crucial strategic element in real time gene regulation® 331, Thus, the

kinetic time scales for both manganese riboswitch folding and unfolding become particularly
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important to ensuring an adequate temporal window for both i) metabolite recognition and ii)
conformational change with respect to the gene transcription regulated event.

In our investigation of such temperature-dependent manganese riboswitch dynamics, we
find that the folding kinetics is strongly sensitive to and increases dramatically with temperature.
Thermodynamic analysis of the single molecule data as a function of temperature allows us to
decompose the folding free energy into entropic and enthalpic contributions, revealing that
manganese riboswitch folding is surprisingly endothermic and compensated by favorable
entropic gain. With the help of such thermodynamic and kinetic data, a detailed energy
landscapes of manganese riboswitch folding can be reconstructed from transition state theory,
highlighting several intriguing observations consistent with our previous kinetic study of
manganese riboswitch folding mechanisms®2. Specifically, the manganese riboswitch is found to
respond to Mg?* primarily during the early stages of folding and prior to surmounting the
transition state barrier. This is in agreement with a “bind-then-fold” (i.e., induced fit or IF)
mechanism, whereby folding is directly promoted by Mg?* association. Mn?*, on the other hand,
changes free energies in both early and late stages of folding, implying different M?* (M = Mn or
Mg) occupancies can be adopted in the folded manganese riboswitch. This is in support of the
“fold-then-bind” (i.e. conformation selection or CS) mechanism, whereby the ligand binds to and

thermodynamically stabilizes an already preorganized fold-like structure®® %2-33,

4.3 Experiment
4.3.1 RNA construct design and preparation for single-molecule study
The ligand-bound folded state of manganese riboswitch has been determined in previous

x-ray studies to be a hairpin-like structure formed from four jointed helices (Figure 4.1A)?°. The
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Figure 4.1 Structure of L. lactis yybP-ykoY manganese riboswitch: (A) Overall crystal structure
(PDB 4Y1I); (B) Close-up details on the cation M?* binding sites with adjacent nucleotides; (C)
Manganese riboswitch sequence in a secondary structure representation.

major docking interaction between L1 and L3 directly responds to M?* ligand binding, which is
crucial to stabilizing the folded conformation. Therefore, we have designed a SMFRET RNA
construct sensitive to the distance between L1 and L3 as a proxy for conformational change®2. In
this SMFRET construct design, the cyanine dyes Cy3 and Cy5 are covalently labeled on P1 and
P3 stems respectively to achieve two distinct distance-dependent energy transfer states
distinguished by RNA folding/unfolding (Figure 4.2A). A biotin modification is introduced to
the P1 end so that the RNA construct can be tethered on a coverslip surface by biotin-

streptavidin interactions for study at the single molecule level. The Mn?* aptamer domain is
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Figure 4.2 Sample sSmFRET experiment data: (A) Cartoon depiction of how manganese riboswitch
folding changes the distance between Cy3 and Cy5; (B) Sample time trace of Cy3 and Cy5
fluorescence (22.2 C, top left), the corresponding Erret trajectory (lower left), and a series of Errer
trajectories (lower left) and dwell time distributions (lower right) as a function of increasing
temperature (22.2 C-28.0C). Note that a small increase in temperature dramatically increases the
folded time distributions, consistent with strongly endothermic folding (AH > 0).

reconstructed from the RNA sequence in Lactococcus lactis, as structurally characterized in
previous studies? 2. The final SWFRET manganese riboswitch construct is synthesized by
annealing three chemically modified RNA oligos purchased from Integrated DNA Technologies

(IDT, Coralville, 1A), followed by HPLC purification. Detailed construct design and explicit

oligo sequences can be found in our previous work®,
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By way of sample preparation for these SMFRET experiments, the sample holder is
flushed in sequential order with: (i) 10 mg/mL BSA (bovine serum albumin) with 10%
biotinylation for surface pacification, (ii) 200 pg/mL streptavidin for surface tethering, and (iii) ~
25 pM of the biotinylated RNA construct. Each flushing step is followed by a 10-minute
incubation period, which yields a consistent, reliable surface coverage of ~50 RNAs per 100 um?.
In addition to the specified Mn?* (MnCl) and Mg?* (MgCl,) divalent cation concentrations, the
SmFRET buffer solution also contains (i) 50 mM hemisodium HEPES (pH 7.5), (ii) an enzymatic
oxygen scavenger system (PCD/PCA/TROLOX), and (iii) 100 mM NaCl background salt.

4.3.2 Single-molecule FRET spectroscopy

Single-molecule fluorescence imaging capabilities are achieved in a homebuilt confocal
microscope system described in previous papers 3. In short, a 532 nm pulsed Nd:YAG laser is
collimated by a Keplerian beam expander before being directed into an inverted microscope
water immersion objective (1.2 N.A), resulting in a diffraction limited laser excitation spot of
~250 nm lateral dimension. In SmMFRET experiments, the dye-labeled RNA molecules are located
by scanning the coverslip surface under conditions where RNA coverage is sufficiently low to
ensure observation of one RNA molecule at a time in the sub-femtoliter confocal volume. The
fluorescence photon from a single dye-labeled RNA is collected for each pulse through the same
microscope objective and split into color (green/red) and polarization (horizontal/vertical)
channels before detection by four single photon avalanche photodiodes (APDs). For each photon
event, the color, polarization, wall clock time (£ 50 ns) and time respect to the laser pulse (+ 50
ps) are recorded by a time-correlated single-photon counting (TCSPC) module3-%. For
temperature controlled studies, thermal equilibrium at a desired temperature (£ 0.1 °C) is

achieved by heating both sample and microscope objective simultaneously, with details of the
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commercial stage and objective heater setup presented in previous work3+%, Before each
experimental temperature run, samples remain in contact with the objective for > 15 mins to

ensure complete thermal equilibrium.

4.4  Results and analysis

4.4.1 Temperature-promoted folding revealed by sSmFRET

The smFRET RNA construct is doubly labeled with fluorophores Cy3 and Cy5 so that the
conformational change can be visualized by distance-dependent FRET energy transfer (Erret).
In the sample fluorescence signal time trace (Figure 4.2B upper panel), the clearly anti-correlated
switching between the donor (green) and acceptor (red) signals unambiguously reflects
folding/unfolding events and energy transfer between Cy3 and Cy5, from which the
corresponding time dependent Erret trajectory can be calculated. The resulting time trace for
ErreT (See Figure 4.2B) reveals that the RNA construct switches between two distinct states with
well separated Errer values of ~ 0.55 and ~ 0. As expected from the construct geometry®? and
crystal structure data®, the high Eerer state (Errer ~ 0.55) corresponds to a compact folded
conformation of the manganese riboswitch with loops L1 and L3 docking onto each other.
Conversely, the low Errer is consistent with the two loops much further apart, corresponding to a
non-compact, unfolded conformation.

From the Erret trajectory, the folding equilibrium constant (Keq) can be readily obtained
from the ratio of total time spent in the high Errer (folded) versus low Errer (Unfolded) state.
More revealingly, however, direct observation of the dynamic folding/unfolding behavior also
permits the rate constants (Kroia and Kunfoid) to be determined by analysis of the corresponding

dwell time distributions (Figure 4.2B right panels)®> 3, Specifically, semi-logarithmic plots of
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the resulting cumulative distribution functions (P(t)/P(0)) vs. dwell times are quite linear, and
thus appropriately fit to a single exponential decay function to extract the first order
folding/unfolding rate constants (Kfoid and Kunfold).

In the temperature dependent studies, the temperature is controlled (x 0.1 °C) by
simultaneously heating the sample and the optical objective. A representative temperature
response of the manganese riboswitch is illustrated in the series of Erret trajectories obtained at
increasing thermal stress (Figure 4.2B from top to bottom), for which the RNA clearly spends
more time in the high Errer (i.€., folded) state. Indeed, the approximately 5-fold increase in Keq
for AT = + 5.8 °C indicates that folding of the manganese riboswitch is both highly sensitive to
temperature and favored by heat. In addition, the dwell time analysis (Figure 4.2B right) reveals
the kinetic origin of such “heat-promoted folding” behavior arising from a temperature

dependent increase in Krig and decrease in Kunfoid, respectively.

4.4.2 Mg? effects on the temperature dependence of folding

Previous studies have shown that docking between the loops L1 and L3 of the manganese
riboswitch requires binding of at least one divalent cation M?* (Mg?* or Mn?")?>32_ |t has also
been shown that Mg?* alone promotes manganese riboswitch folding by only occupying the non-
selective binding site, leaving the Mn?*-specific site open for further ligand association (Figure
4.1). According to previous detailed kinetic analysis®, the fold-like structure achieved with
Mg?*-binding plays a crucial role in opening a conformational selection (*“fold-then-bind”)
pathway by enhancing the Mn?* ligand affinity. It is therefore useful to further explore the
formation of the this Mn?* ligand-free folded state with single molecule thermodynamic

techniques.
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Figure 4.3 Mg?®* dependence of the manganese riboswitch folding under equilibrium conditions:
(A) Folded fraction as a function of [Mg?*]; (B) van’t Hoff plot for the temperature dependent
behavior of the manganese riboswitch equilibrium constant (Keq = Krola/Kunfold) at [Mn?*] = 0.
From the [Mg?*] dependent studies, folding of the manganese riboswitch is known to be
effectively promoted by millimolar levels of Mg?* (Figure 4.3A). By visual inspection, the
fraction folded increases monotonically with [Mg?*], gradually reaching a saturation value. The

nearly linear increase of fraction folded at low [Mg?*] indicates only a minimal Hill cooperativity

(n ~ 1). More quantitatively, the data can be fit to the normalized Hill equation in the form of®

37-39

. e+
fraction folded = Fy + (1 — Fy) X Fg (— , Eqg. 4.1

KDH+[M2+]n
where Fo and Fs are fractions of the riboswitch folded at 0 and saturation [M?*] (M = Mg or Mn),
respectively. The Hill coefficient n is readily determined to be 1.3(2), suggesting that folding is

effectively promoted by a singly occupied 5-fold coordination Mg?* binding site, in agreement
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with characterization in previous structural studies®. It is worth noting that the Hill coefficient
indicates the number of ligands (Mg?*) that become associated during the folding event and need
not necessarily equal the binding stoichiometry*°. Indeed, the minor deviation of n from unity
could reflect increased number of Mg?* ions surrounding the riboswitch during folding, for
which the effective Mg?* binding constant is found to be Kp = 1.1(2) mM. To explore the
thermodynamics of subsequent Mn?* binding, we therefore choose to study the temperature
dependence of manganese riboswitch folding at two representative [Mg?*] concentrations of i)
relatively low ([Mg?*] = 0.5 mM < Kp) and ii) near saturation ((Mg?*] = 2 mM > Kp) levels.
The results are summarized in a van’t Hoff analysis (see Figure 4.3B), where Keq is
plotted logarithmically vs. reciprocal temperature (1/T, T in Kelvin). The negative slopes in the
data immediately reveal that folding of the manganese riboswitch is promoted by increasing
temperature. In particular, the data indicate approximately 20- and 10-fold increase in the
equilibrium folding constant (Keq) over a temperature change of only 10 °C, at 0.5 and 2 mM
Mg?*, respectively, signaling an unusually strong dependence of riboswitch conformation on

temperature. More quantitatively, linear least squares fit of such van’t Hoff data to:

AH® 1 | ASO
ll’l(Keq) = _T¥+T’ Eq 4.2

allows one to deconstruct overall free energies into enthalpic and entropic contributions;
corresponding to -AH%R and AS%R, respectively. The negative slope is consistent with AH® > 0,
meaning the folding is endothermic process and thus promoted by heat; whereas the positive
intercept suggests a strong increase in entropy (AS® > 0) upon folding. Such heat promoted-
folding (or “cold-denaturation”) behavior is relatively unusual, as we more conventionally expect
the folding into a more order compact state to be entropically unfavored (AS° < 0) and

enthalpically driven (AH® < 0) by interactions such as hydrogen bonding and metal coordination.
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Figure 4.4 Kinetic effects of Mg?* in an activated complex/transition state theory analysis of (A)
kfold and (B) Kunfold.

Furthermore, the [Mg?*] dependence of this van’t Hoff plot shows moderate changes in slope
and intercept, indicating that the Mg?* dependence of folding occurs by mildly lowering the
enthalpic cost (AAH? < 0) while increasing the overall entropic gain (AAS® > 0) (Figure 4.3B).

At the kinetic level, we can trace the impact of temperature on equilibrium constants
from the corresponding folding and unfolding rate constants. If we associate purely single
exponential kinetic behavior with a single rate limiting transition state, the detailed
thermodynamic properties of this transition state can be obtained from an activated transition

state/Eyring analysis of In(kfola) or In(Kunfoia) Vs 1/T (see Figure 4.4):

AH¥ 1 As#
In(k) ——T;-l'T-I-an. Eqg. 4.3
In Eq. 4.3, AH* and AS* represent differences in enthalpy and entropy between the transition

state and the folded (or unfolded) state, while v is the so called “attempt frequency” to access the
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transition barrier along the reaction coordinate 33443 One challenge of such an activated
transition state analysis is that v is generally not known a priori and often simply estimated to be
of order 102 -10'* s, though the inferred entropy of the transition state (AS*) depends only
logarithmically on v. However, it is worth noting that any cation induced changes in this entropic
barrier (i.e., -A[TAS?]) exactly cancel even this weak logarithmic sensitivity and become
rigorously independent of the choice of v3+3°.

The results of such an Eyring analysis immediately reveal several interesting features.
First of all, a temperature rise promotes folding of the manganese riboswitch by both increasing
kol and decreasing Kunfold, as clearly evident from the negative and positive slopes in Figure
4.4A and 4.4B, respectively. Secondly, the negative slopes for kg implies that overall folding of
the manganese riboswitch is an endothermic process, in contrast with the more usual exothermic
folding behavior due to formation of additional stabilizing hydrogen bonding networks. Thirdly,
increasing Mg?* from 0.5 to 2 mM increases the riboswitch stability (Keq) significantly, but
almost entirely by dramatic enhancement in kg (Figure 4.4A) with relatively little change on
Kunfold (Figure 4.4B). However, even though kroiq is uniformly larger under high [Mg?*]
conditions, it is also much less temperature sensitive than at low [Mg?*]. Conversely, the
temperature dependence of Kunfoia is almost completely insensitive to [Mg?*], which echoes a
similar lack of [Mg?*] dependence to unfolding rate constants observed from previous study at
room temperature 2. Simply summarized, these results suggest that Mg?* promotes the stability
of the folded riboswitch structure predominantly by lowering both the folded and transition state
free energies by equivalent amounts, thereby permitting Ksoid and Kunfoid to be strongly increased

and largely unaffected, respectively.
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Figure 4.5 Mn?" effects on manganese riboswitch folding under equilibrium conditions: (A)

Folded fraction as a function of [Mn?']; (B) van’t Hoff plot of temperature dependent manganese
riboswitch folding at [Mg?*] = 0.5 mM.

4.43 Mn?* effects on the temperature dependence of folding

The [Mn?*] dependent folding data suggests a positive cooperativity of Mn?*, whereby
the fraction folded increases nearly quadratically at low [Mn?*] and gradually reaches saturation
(Figure 4.5A). By Hill analysis, the cooperativity is found to be n = 1.7(2), consistent with the
presence of two M?* binding sites determined by x-ray structural studies?. Deviation of the Hill
coefficient from 2 can be understood as arising from the non-selective cation site already being
partially occupied by Mg?* under near physiological conditions ([Mg?*] ~ 0.5 mM)32. More
importantly, the effective binding constant Kp for Mn?* is determined to achieve a much tighter
value of 56(4) uM. We thus choose to explore the temperature dependent rate processes at three
representative [Mn?*] conditions corresponding to folding at i) far below (0 uM), ii) comparable

with (50 uM), and iii) above (100 uM) the value of Kp, respectively.
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Figure 4.6 Kinetic dependence of Mn?* in an activated complex/transition state theory analysis of
(A) Kfoid and (B) Kunfold.

From van’t Hoff analyses summarized in Figure 4.5B, the folding equilibria under all
three cation conditions are clearly shown to be endothermic (negative slopes) and thereby
promoted by increasing temperature. Furthermore, the positive intercepts indicate that folding
increases the overall entropy (AS® > 0) of the system. However, the manganese riboswitch
reveals an unconventional heat-promoted folding behavior with a surprising sensitivity to
[Mn?*]. Specifically as [Mn?*] increases, the magnitudes of both the van’t Hoff slopes and
intercepts decrease. The net effect of Mn?* on manganese riboswitch folding would therefore
appear to be a simultaneous reduction in AH® and AS®. Though more work need to be done, this
would at least be consistent with a more common physical scenario of cation binding resulting in
enthalpic stabilization (AAH® < 0) and yet added entropic cost (A[-TAS] > 0), largely caused by

loss in translational entropy of the ligand*-4°,
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From the corresponding temperature dependent folding/unfolding kinetics summarized in
Figure 4.6, a rise in temperature promotes the overall manganese riboswitch folding once again
by increasing Kroid and decreasing Kunfoild. From the Eyring plots, kroid (Figure 4.6A) becomes less
sensitive to temperature, with the overall rate constant increasing but slope magnitudes
decreasing dramatically with increasing [Mn?*]. This would be consistent with any enthalpic
barrier between the unfolded state and transition state being lowered by increasing Mn?*. The
intercept, on the other hand, also decreases (A[-TAS®] > 0) with increasing Mn?*, suggesting that
any entropy gain achieved during folding is mitigated by Mn?*. Finally, both Eyring analysis
slopes and intercepts for kunfold are observed to decrease with increasing [Mn?*] conditions. In
summary, the effect of Mn?* on the kinetics would appear to lower the enthalpic barrier to

folding and yet also contribute to entropically destabilizing the folded configuration.

45  Discussion
4.5.1 Unconventional temperature response of manganese riboswitch folding

The combination of hydrogen bonding, coulombic interactions (both attractive and
repulsive), and water hydration often cause nucleic acid biomolecules to spontaneously rearrange
into a more ordered and compact conformation’®. As a result, the conventional thermodynamic
paradigm for RNA folding is an enthalpically driven process (AH® < 0) but with appreciable
increase in free energy due to entropic penalty in the final state (-TAS? > 0). In the current
studies, folding of the manganese riboswitch has been shown to be strongly promoted by
increasing temperature. The negative slopes and positive intercepts in the van’t Hoff plots under
all Mg?" and Mn?* conditions indicate that folding occurs spontaneously, made possible by

entropic gain competing against an unfavorable enthalpic penalty. Though such temperature-
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promoted folding (“cold denaturation’) seems at first counterintuitive, such behavior has
nonetheless been discovered in many proteins, with the phenomenon often linked to change in
solvent exposed area during folding*"*°, for which largely entropically driven hydrophobic and
hydrophilic interactions play the dominant role.

The thermodynamic analysis of Section 4.4.2 and 4.4.3 clearly reveals that both enthalpy
and entropy of the system (i.e., RNA construct plus surrounding solvent environment) increase
with folding of the manganese riboswitch, with a large entropic contribution (-TAS)
compensating and even dominating free energy stabilization of the more structured

conformation. Previous studies indicate that variation in solvent exposure along the folding
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Figure 4.7 Folding free energy landscapes of the manganese riboswitch: (A) Mg?* effects on
enthalpic and entropy contributions (left) and the overall free energy (right); (B) Mn?* effects on
enthalpic and entropy contributions (left) and the overall free energy (right). Note that although
there is no information on change in absolute free energies with cation conditions, the unfolded
state (U) is conventionally referenced to zero free energy in both plots.
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coordinate plays an important role in cold denaturation®”*°, which in turn results in significant
solvent impact on the equilibrium behavior. In the manganese riboswitch, the two M?* binding
sites are rich in phosphate groups and highly negatively charged (Figure 4.1B). When such a
charged species is placed in aqueous solution, the water molecules orient to lower the enthalpy
(AH® < 0), with water ordering resulting in a large entropy decrease for the solvent system (AS® >
0), a process known as hydration®*°1, When the manganese riboswitch folds, the highly charged
regions of RNA become less accessible to water due to partial neutralization by counterions.
Thus, the reverse “dehydration” process can occur during the folding event due to water
expulsion around the highly charged binding sites. If such dehydration effects predominate over
intramolecular hydrogen bonding in the RNA construct, this could thereby result in i) a large
enthalpic cost (AH? > 0) balanced by ii) entropically driven folding (AS® < 0). Since the
manganese riboswitch folds into a more order state upon metal binding, we would expect both
AH? and AS° for the construct to be less than zero. However, it is the total enthalpies and
entropies of the system (RNA plus buffer solution) that is observed, likely dominated by the
hydration process and solvent reorganization. For Mn?* binding to the Mn?*-specific site?> %2, the
process can therefore quite understandably result in lowering both the enthalpic cost and entropic
gain (A(AH®) <0, A(ASP) < 0), consistent with our observations in Figure 4.7B.
4.5.2 Temperature response of RNA

Although cold denaturation (or heat-promoted folding) has been widely explored in
proteins, it is a much less commonly observed in RNA. One such RNA system known to exhibit
heat-promoted folding is the hammerhead ribozyme*’-*8, for which temperature-dependent
folding of the three way junction has been investigated with circular dichroism (CD) over a wide

range of temperature. Interestingly, the studies reveal that the three way junction folded structure
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is stabilized with increasing temperature at relatively low temperature, but that this thermal
stabilization of folding reverses at a critical temperature. In another recent study of the adenine-
sensing riboswitch, it was shown by NMR spectroscopy that achievement of the ligand-free
folded conformation is also promoted by temperature increase®?. Despite only relatively few
direct measurements of temperature responsive RNA folding, the thermodynamic parameters for
ligand-mediated riboswitch folding can be estimated from isothermal titration calorimetry (ITC)
as well as other temperature-dependent binding studies, since ligand binding is always
accompanied by conformational change in the RNA riboswitch. From literature search over 17
classes of riboswitches/ribozymes that responding to various ligands and substrates®® %7  nine
appear to exhibit entropically favored binding (AS° > 0) %92, indicating that configurational
entropy of the solvent can dominate the folding entropy of the riboswitch construct. Furthermore,
four out of these nine are also found to be endothermic (AH? > 0)°%8, similar to the manganese
riboswitch behavior. Thus, one is led to speculate that cold denaturation might not actually be so
uncommon for a tertiary binding/folding strategy in RNA. In fact, RNAs are structurally
polyanion electrolytes that interact strongly with water; as a result, thermodynamic free energies
for RNA folding might reflect even greater sensitivity to the solvent and buffer system than for
proteins” *>1¢, This would appear likely to have evolutionary consequences. Bacteria in the wild
experience significant temperature fluctuations, with some thriving under extreme temperature
conditions!’°, It is thus perhaps not surprising that temperature sensitivity may have been
evolutionarily integrated into riboswitch function.

It is also possible to take this analysis further toward understanding the biochemical role
of temperature in gene regulation. For example, Mn?* is known to catalyze formation of reactive

oxidative species (ROS) that are particularly damaging to cells’®"°. In this study, we have seen
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that the manganese riboswitch at higher temperatures transcriptionally promotes gene expression
of a Mn?* efflux protein, essentially by folding into “on” conformation. Due to more active
production and higher reactivity of ROS at high temperature®®-82, such a temperature dependence
could be advantageous for bacteria survival as a protective mechanism reducing cellular [Mn?*].
Indeed, bacteria have been shown to exploit temperature control in gene regulation, as evident in
so called “RNA thermometers,” 222 i.e., small mMRNA elements that structurally respond to
temperature in regulation of translational efficiency. Since RNA structures are highly responsive
to temperature, it is interesting to speculate that cation plus environmental temperature
modulation of a specific RNA conformation could reflect a more general strategic example of
multicomponent sensitivity in riboswitch gene regulation.
4.5.3 Reconstructing folding free energy landscapes from temperature-dependent kinetics
The thermodynamic/kinetic parameters obtained from the current van’t Hoff and Eyring
analyses can provide particularly invaluable information on pieces of the overall free energy
landscape for folding of the manganese riboswitch. For example, Figure 4.7A immediately
reveals that the enthalpic (AH) and entropic (-TAS) contributions to the free energy (AG) for both
the transition (TS) and folded (F) state confirmations move synchronously up/down with
increasing Mg?* in a clearly anticorrelated fashion. This notable level of synchrony suggests that
the impact of Mg?* is primarily on the enthalpy/entropy of the unfolded state (U), as shifts in
only U would maintain all relative free energy spacings between the TS and F conformations.
Such a strong dependence of unfolded structure free energies on [Mg?*] can be rationalized as
arising from differential Mg?* occupancy at the non-selective M?* binding site, as these
experiments are performed at Mg?* concentrations appreciably below (0.5 mM) and above (2

mM) the effective binding affinity (Ko =1.1 mM). Simply stated, since M?* binding is essential
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for riboswitch folding®, the free energy differences between the anticorrelated TS and F states
are insensitive to [Mg?*] due to the fact that they are both associated with one Mg?*. Thus, the
Mg?*-mediated manganese riboswitch folding thermodynamics plots in Figure 4.7A reveal that
Mg?* binding must occur while the construct is still mostly unfolded. In agreement with the
previous Kinetic studies, therefore, this is consistent with an induced-fit (i.c., “bind-then-fold”)
mechanism3® 32-33 whereby prior binding of the ligand is required to achieve the correct folding
behavior. We note that such information can be gleaned from the plots even in the absence of
any knowledge about absolute free energies (e.g., the free energy for the U state is kept at zero
by convention)

Similarly, for [Mn?*] dependent riboswitch folding (Figure 4.7B), the entropy and
enthalpy of the TS and F states are both significantly shifted with increasing Mn?* concentration.
Overall, as [Mn?*] increases, the enthalpic (AH) and entropic (-TAS) contributions bifurcate
systematically. Such effects are in agreement with ligand binding models, where the enthalpic
gain (from Mn?* coordination) is accompanied by entropic loss (largely translational entropy of
ligand and higher degree of ordering at the binding site**°. Interestingly, however, there is also
a strongly non-linear saturation dependence of these effect on [Mn?*]. For example, the transition
state (TS) free energy changes significantly between 0 and 50 M of Mn?* and yet remains
essentially constant with an additional aliquot of 50 uM Mn?* (100 uM in total). This behavior is
likely due to the fact that Mn?* promotes achievement of the TS state via different occupancies
of the two M?* binding sites. Indeed, the largest free energy effects between conditions of 50 and
100 uM Mn?* appear in the folded (F) state, but now with negligible changes in the TS and U
conformations. Much as invoked above for Mg?* dependence, this can be simply rationalized by

the folded state existing with two different metal occupancies of the two binding sites: one M?*
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(M = Mn or Mg) binding or two M?* binding with at least one Mn?*. The Mn?* effect of A(AH?)
<0 and A(AS®) < 0 is again consistent with increased Mn?* binding. Although the manganese
riboswitch is known to fold via an induced-fit (IF, bind-then-fold) mechanism with at least one
M?2* binding in the unfolded state®, the ability of Mn?* to directly bind to a (pre-)folded
conformation and thereby stabilize the folding equilibrium is consistent with a conformational
selection (CS, fold-then-bind) mechanism3® 3233 whereby the RNA dynamically samples many
different configurations while the ligand binds only to those constructs with a preformed Mn?*
binding site. To summarize, the thermodynamic analysis of the rate and equilibrium data reveals
that the manganese riboswitch folds through an induced-fit mechanism via early Mg?*
association with U. Conversely, Mn?* binds to a pre-folded ligand-free riboswitch structure to
stabilize the folding equilibrium (i.e., in support of a conformation selection mechanism), as
evidenced by selective effects of Mn?* > 50 uM on the free energy of the folded (F)
configuration. Finally it is worth emphasizing that such Mn?* and Mg?* ligand binding shifts in
the enthalpic and entropic contributions are all anticorrelated and very finely balanced to yield
only relatively small differences (or order 1 kcal/mol) in the overall free energies for the folded
vs unfolded states of the riboswitch. This allows for strong environmental regulation of the
kinetic rates and time constants for riboswitch folding, with only relatively small changes in the
overall folding stability. Such a cationic modulation of the folding time constant behavior could

be relevant in co-transcriptional folding dynamics and gene regulation strategies.3%-3

4.6  Summary and conclusion
The temperature dependence of manganese riboswitch folding has been explored in detail

by confocal SmMFRET experiments. The folded manganese riboswitch conformation is found to
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be strongly stabilized by temperature, which from a kinetic perspective occurs via simultaneous
increase (decrease) in the folding (kroiq) (unfolding) (Kunfold) unimolecular rate constants,
respectively. A thermal Van’t Hoff analysis of the equilibrium constant reveals that folding is
strongly disfavored enthalpically (AH > 0), while favored with significant and closely balanced
entropic contributions (-TAS < 0) to yield an overall AG < 0. This is in clear contrast with the
more conventional behavior of ligand-promoted folding behavior of entropically disfavored
folding into a compact state driven by enthalpic energy release®*°. Such temperature-promoted
folding (or equivalently, cold denaturation) can result from change in ionic
hydration/dehydration and hydrophilic/hydrophobic interactions, highlighting the crucial
importance of solvent contributions to the overall free energy change in an RNA folding event.
Moreover, we speculate that such a less conventional thermopbhilic response of the manganese
riboswitch may provide an additionally useful survival mechanism for successful bacterial
proliferation in a fluctuating temperature environment, suggesting a mechanism by which
temperature may be more widely incorporated into riboswitch gene regulation. In Mg?*-mediated
folding, Mg?* is found to mainly affect the free energy of the unfolded (U) state, consistent with
the unfolded structure having 0 or 1 Mg?* occupancy and yet with the ones binding to a single
Mg?* able to access the transition state and thereby achieve a fully folded structure. Such binding
of a single Mg?* prior to the transition state supports the predominant existence of an induced-fit
(“bind-then-fold”) mechanism for Mg?*-promoted folding. For Mn?* mediated folding, by way of
contrast, Mn?* is found to significantly shift the relative free energies of both the transition (TS)
and folded (F) states. This sensitivity to [Mn?*] is consistent with the folded state of the
riboswitch associating different numbers of Mn?* into its two (selective and non-selective)

binding sites, which would provide support for a conformational selection (“fold-then-bind”)
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pathway. Such a combined thermal and cation sensitivity to modulation of the riboswitch folding

pathway offers a distinctly new opportunities for evolutionary adaptation and flexibility of the

manganese riboswitch to variable environmental conditions.
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Chapter 5
Sequential Folding of the Nickel/Cobalt Riboswitch is Facilitated by a Conformational

Intermediate: Insights from Single-Molecule Kinetics and Thermodynamics

51  Abstract

The present work presents first single molecule Fluorescence Resonant Energy Transfer
(smFRET) studies of the nickel/cobalt (NiCo) riboswitch, with temperature dependent, single
molecule confocal microscopy to provide comprehensive kinetic and thermodynamic
information on folding into a biochemically competent structure. The results indicate that the
NiCo riboswitch first folds into a more compact “prefolded” conformation, with a preorganized
binding pocket partially stabilized under physiological conditions by non-cognate
monovalent/divalent cations. Such a prefolded intermediate then has opportunity to fold further
into a tightly ligand-bound structure, in response to the cognate ligands, Ni%* or Co?*, with sub-
micromolar affinities. Such stepwise ligand-induced folding represents a particularly clean
example of a conformational selection (“fold-then-bind”) mechanism, whereby a configuration
dynamically accessible by thermal fluctuation is stabilized into the final folded state by ligand
association. In addition, we observe a strong positive cooperativity in the ligand-induced folding
kinetics with respect to both Ni?* and Co?* ligands. This provides maximal sensitivity in
riboswitch conformational response near [Ni?*] or [Co?*] = Kq, which facilitates more accurate
biochemical probing of the cell environment and therefore bioregulation of gene expression.

Temperature dependent kinetics at the single molecule level have also been explored, which

*This chapter is adapted from: Sung, H.-L.; Nesbitt, D. J. Sequential Folding of the Nickel/Cobalt Riboswitch
is Facilitated by a Conformational Intermediate: Insights from Single-Molecule Kinetics and
Thermodynamics. J. Phys. Chem. B 2020, 124, 7348-7360.
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permit free energies to be deconstructed into enthalpic and entropic components along the
folding coordinate. In the absence of the cognate ligand, a predominantly enthalpic barrier
between the unfolded riboswitch (U) and the prefolded intermediate (I) suggests a rearrangement
of the hydrogen bonding network, whereas in the presence of the cognate ligand, a large entropic

penalty (-TAS? > 0) in forming the folded riboswitch conformation (F) is almost perfectly
counterbalanced by equivalent enthalpic gain (AH? < 0) to yield AG® = 0. The thermodynamic

results are therefore consistent with a simple physical picture of RNA folding, whereby
association of the cognate ligand is strongly stabilized by Coulombic attraction, while forming an

entropically more ordered structure around the binding site.

5.2 Introduction

Riboswitches are highly structured cis-regulatory elements commonly found in the 5’
untranslated region of mMRNA.2 Part of the highly conserved structure, known as the aptamer
domain, functions as a metabolite sensor that folds to selectively capture the cognate ligand
molecule. The rest of the riboswitch sequence comprises the expression platform which
undergoes conformational transitions in response to the aptamer. As a result, the overall
riboswitch construct often adopts two mutually exclusive conformations corresponding to “on”
and “off” states that structurally regulate expression of the downstream gene.?® Such a
regulatory mechanism has been widely exploited in bacteria®*, with riboswitches found to

respond to a variety of ligands including small-molecule metabolites and even simple atomic

ions.®



99

Heavy metals can be highly cytotoxic, forming complexes with proteins and catalyzing
the production of reactive oxidative species damaging to cells.®” However, heavy metals are also
essential to cellular function, as they often serve a crucial role in enzymes and enzyme
cofactors.®® Ni?*, for example, is a common component of almost all hydrogenases, while Co?*
is an essential constituent of vitamin B12. As a result, tight control over intracellular metal ion
concentrations is clearly desirable, with sensing and regulatory feedback mechanisms highly
evolved to maintain ions at just the right level to support biochemical function while minimizing
toxic side effects. In bacteria, for example, genetic expression of membrane transporters and
traffic proteins for heavy metals are known to be predominantly controlled by a suite of
metalloregulatory proteins.’®*! The exact role of RNA in maintaining this heavy metal
homeostasis is not entirely clear but changing rapidly. Indeed, the possibility of RNA selectively
responding to heavy metal ions might at first have been dismissed as unlikely due to the limited
types of functional groups available for metal coordination and the well-known association of
RNA with physiological Mg?*, the predominant divalent cation in cells.'?>** By way of contrast,
however, riboswitches have recently been identified that respond with remarkably high
specificity to manganese (Mn?*)!#1% and nickel/cobalt (Ni?*/Co0?*)*¢, which in turn regulate the
genetic expression of the corresponding protein transporters for these cations. This strongly
suggests that metalloregulation is not the exclusive domain of proteins but also cooperatively

involves some form of RNA-based sensor of the cellular metal ion environment.

The NiCo riboswitch has been previously referred to as the czcD motif,'® which resides
upstream of czcD genes encoding a subfamily of metal export and resistance proteins.’*° The
capability of this riboswitch motif for atomic cation Ni?*/Co?* sensing has been recently

validated,'® and furthermore confirmed by detection of an explicitly Co?*-bound crystal structure
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in companion high resolution x-ray diffraction studies (PDB: 4RUM, Figure 5.1A). The
Ni2*/Co?* sensing aptamer domain in this riboswitch consists of a four-way junction, with four
helices coaxially-stacked in pairs to form a twisted H conformation. As a point of particular
relevance to the present study, the NiCo riboswitch construct lacks the long-range tertiary
interactions commonly found in other known riboswitches.*® As a result, the conformation of the
junctional loop responds directly to ligand binding, in turn signaling the on- vs off- state of the
gene expression mechanism. Moreover, among the four Co?* ions resolved in the crystal
structure (Figure 5.1A), three form a strong coordination network primarily between the highly
conserved guanines at the junction. It is believed that the coordination between Co?* and the
guanine nitrogen (N7) provides the source of metal ion selectivity, since Mg?* prefers to
coordinate with oxygens in the RNA phosphate backbone rather than nitrogens in the
nucleobases.'® 1 In terms of the gene regulation mechanism, the NiCo riboswitch controls RNA
polymerase activity by termination of the transcription event.'® Upon ligand binding, the four-
way junction, particularly the stem P1, is stabilized by the Ni?*/Co?* coordination network to
prevent the expression platform from forming a self-annealed terminator hairpin that in turn
disrupts the RNA polymerase transcription complex. As a result, in the presence of excess
Ni2*/Co?*, the polymerase complex proceeds to transcribe the mRNA which encodes for the

metal transporter protein.

Riboswitches are highly dynamic in structure with the ability to switch between different
conformations in response to ligand to achieve gene regulation.! Moreover, upon transcription,
the nascent mMRNA must fold in real time (t = 1/kroiq) and thereby participate in conformational
search over the downstream DNA, a competitive kinetic process known as cotranscriptional

folding.2%?* During transcription, only a limited time window is therefore allowed for the
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riboswitch to dynamically sample the on- vs. off-configurations and thereby achieve the desired
ligand response.?? Consequently, both ligand recognition and conformational folding rates are
crucially important to achieving the requisite regulatory effect.>?% Over the past decade, single-
molecule techniques have been applied to study biomolecular folding and unfolding kinetics. In
particular, single-molecule Fluorescence Resonance Energy Transfer (SmFRET) microscopy has
been extensively utilized,?®?” whereby the conformational change can be visualized in real time
by monitoring energy transfer efficiency (Errer) between the fluorophore pair. Moreover, in
contrast to bulk fluorescence measurements where the observed Errer iS averaged over many
trillions of replicates, SmFRET at the single molecule level is in principle able to identify
multiple conformations from distinct Erret values to elucidate a more comprehensive folding
mechanism.?2° Furthermore, precise thermal control is incorporated into the SMFRET
measurements to facilitate study of the kinetics as a function of temperature. Monitoring the
thermal dependence of the NiCo riboswitch kinetics allows us to deconstruct the folding free
energies into enthalpic and entropic contributions,-*2 from which we can generate detailed
energy diagrams explicitly demonstrating changes in each of the thermodynamic variables along

the folding coordinate.33-34

The organization of this paper is as follows. First, the experimental design including the
sample preparation and SmFRET experimental setup is presented in Section 5.3. Folding of the
NiCo riboswitch is then systematically explored at the single molecule level as a function of (i)
monovalent (Na*), (ii) divalent (Mg?*), (iii) target ligand (Ni?* and Co?*) cation concentrations,
and (iv) sample temperature, with results presented in Section 5.4.1 to 5.4.5. Of particular

interest, we find that the NiCo riboswitch exhibits three distinct Errer states, with a “prefolded”
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Figure 5.1 Structure of E. bacterium NiCo riboswitch. (A) Overall crystal structure (PDB:
4RUM). (B) Riboswitch sequence in secondary structure representation. The oligomers forming
the ternary SmFRET construct are indicated in red, green and blue, respectively.

intermediate structure identified to play a crucial role in ligand recognition and riboswitch
folding. Such behavior is consistent with a conformational selection (“fold-then-bind”)
mechanism,*>3" where the biomolecule spontaneously samples a prefolded structure prior to
ligand association and stabilization. This novel combination of i) stepwise folding and ii) unique
cation response of a riboswitch observed at the single molecule level is noteworthy and provides
material for further discussion in Section 5.5.1 and 5.5.2, respectively. In addition, the
thermodynamic variables obtained from our temperature dependent studies are utilized in
Section 5.5.3 to reconstruct a detailed free energy diagram of the NiCo riboswitch folding
pathway. Finally, Section 5.6 summarizes the work and points to directions for future

exploration.

5.3 Experiment
5.3.1 NiCo riboswitch construct design and sample preparation
The aptamer domain of the NiCo riboswitch consists of four helices joined by a four-way

junctional loop (see Figure 5.1).1® In the cobalt-bound crystal structure (Figure 5.1A), the two
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sets of coaxially-stacked helices adopt a twisted H conformation with three out of the four
resolved Co?* ions in direct contact with the junctional loop. The fourth Co?* ion peripheral to
the junction (indicated by * in Figure 5.1A) shows only relatively low anomalous density in the
X-ray diffraction data and appears to make fewer contacts with any of the conserved
nucleotides.® It is therefore presumed that this final Co?* ion does not play a critical role in NiCo
riboswitch folding and might be substitutable by other cations such as physiological Mg?*.

Although not the first example of conformational change in a riboswitch induced by
ligand-binding to a junctional loop,%®4° the NiCo riboswitch is of particular interest in its own
right due to two unique structural features:*® First of all, the suite of 3-4 Co?* ions occupying the
junction loop region and located by anomalous X-ray dispersion data forms an strongly
interacting network and suggests that the ligand binding kinetics might be highly cooperative.
Secondly, the NiCo riboswitch lacks the long-range tertiary interaction motifs and close helical
packing which are relatively common features found in other riboswitches. In combination, this
provides a relatively novel opportunity for probing cooperative ligand induced conformational
response in a riboswitch, but probed by the relative orientation between minimally interacting
helices.

The NiCo riboswitch in this work is constructed from the Erysipelotrichaceae bacterium
(E. Bacterium) sequence that has been well characterized in previous study.® To achieve surface
immobilization and fluorophore labeling, the ternary SmFRET construct is assembled by
annealing three chemically modified RNA oligomers (Integrated DNA Technologies, Coralville,
IA), followed by high-performance liquid chromatography (HPLC) purification, with detailed
oligomer sequences and fluorophore-labeled positions illustrated in Figure 5.1B. (Note:

companies are mentioned for explicit information and not by way of commercial product
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support) In particular, the P1 stem has been extended by 8 base pairs and modified with a
terminal biotin to tether the single molecule RNA construct onto the biotin-BSA surface through
biotin-streptavidin interactions. The Cy3 and Cy5 FRET fluorophores are labeled at the distal
ends of P2 and P4 (Figure 5.1B), respectively, corresponding to loops L2 and L4 in the native
structure. According to previous structural characterization,'® L2 and L4 do not respond to ligand
binding and are not part of the conserved sequence essential for ligand sensing and riboswitch
function. Thus, we reasonably do not expect our choice of dye labelling sites to interfere with the
overall riboswitch conformation. Finally, the distance between Cy3 and Cy5 of the folded NiCo
riboswitch is estimated to be R ~ 45 A,'® which is close to the characteristic Forster length for the
Cy3 and Cy5 FRET pair (Ro ~ 50 A). Due to the extremely rapid (1/R®) dependence of Forster
energy transfer, we therefore expect high sensitivity in Errer values to any changes in the Cy3-
Cy5 distance upon conformational unfolding.

To achieve prolonged observation of fluorescent signals from a single RNA molecule, the
smFRET NiCo riboswitch constructs are immobilized on the surface of a glass coverslip through
biotin-streptavidin interaction. The sample is prepared by successively flushing the sample
holder with the following solutions to obtain a typical ~ 50 RNA molecules per 100 um? surface
coverage:®"#! (i) 10 mg/mL bovine serum albumin (BSA) with 10% biotinylated BSA, (ii) 200
ug/mL streptavidin solution, (iii) = 25 pM of the SmFRET NiCo riboswitch construct, with a 10-
minute incubation time between each step. Prior to each sSmFRET experiment, the sample is
flushed with an imaging buffer containing (i) 50 mmol/L hemipotassium HEPES buffer (pH 7.5),
(i1) Trolox/PCA/PCD enzymatic oxygen scavenger system to catalytically remove oxygen, (iii)

100 mmol/L NaCl and 0.5 mmol/L MgCl> to provide background salt (unless otherwise
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specified), and (iv) sufficient NiCl, and CoCl; to achieve desired cation concentration

conditions.
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Figure 5.2 Schematic of the single-molecule confocal fluorescence microscope. Inset: Cartoon
representation of a doubly fluorophore labeled SMFRET construct tethered on the surface of a glass
coverslip for the single-molecule fluorescence observation.
5.3.2 Single-molecule FRET spectroscopy and temperature control

The single-molecule FRET experiment in this work is based on a homebuilt confocal
microscope system adapted for additional temperature control (Figure 5.2).34 4142 In brief, a 532
nm collimated beam from a high repetition rate (50 MHz) pulsed Nd:YAG laser is directed onto
the sample through an inverted confocal microscope. The beam is tightly focused by a 1.2 N.A.
water immersion objective into a diffraction limited laser excitation/collection spot (1/e? radius =
310(30) nm), allowing for diffraction limited observation of one fluorophore-labeled RNA at a
time. The resulting fluorescence photons are collected through the same objective and then
separated with dichroics by (i) color (green/red) and (ii) polarization (horizontal/vertical) before
detection on single-photon avalanche photodiodes. For each photon detection event, four bits of
information (color, polarization, “wall clock™ time (sorted into 50 ns bins), and microtime with

respect to the laser pulse (50 ps resolution)) are recorded with a fast router, time to amplitude
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converter (TAC), and a time-correlated single-photon counting modules. In this work, we focus
primarily on the photon color and arrival time information, with which we can calculate a time-

dependent Erret trajectory.

- A [cor1=03um . [Ni*] = 0.3 uM € buffer (no ligand)
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Figure 5.3 Sample fluorescence time traces of Cy3 and Cy5 signal (upper panel) and
corresponding EFRET time trajectories (lower panel) obtained with (A) [Co?*] = 0.3 umol/L, (B)
[Ni?*] = 0.3 pmol/L and (C) neat buffer (background [Mg?*] = 0.5 mmol/L and [Na'] = 100
mmol/L).

For temperature-controlled experiments, the temperature is precisely servo loop stabilized
by heating the sample and the microscope objective simultaneously.®! ** Specifically, the sample
holder is mounted to a thermal stage (Instec, Boulder, CO) that regulates the sample temperature
by responsive heating and cooling. In addition, a resistive collar (Bioptechs, Butler, PA) is used
to simultaneously heat the objective to the desired temperature, minimizing thermal gradients
throughout the sample and thereby increasing the servo loop bandwidth and temperature
stability. Prior to each experiment, the system is allowed to equilibrate for > 15 minutes to
achieve steady sample temperatures with = 0.1 °C precision and accuracy.

5.3.3 Single-molecule Errer trajectory and data analysis

The donor/acceptor fluorescent signals are analyzed with in-house software to generate

background and cross talk corrected Errer = I(red)/(1(green) + I(red)) trajectories with 20-ms bin
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Figure 5.4 Sample data analysis of the 3-state folding system. (A) Errer histogram fit to 3
Gaussian functions corresponding to unfolded (U), intermediate (1) and folded (F) subpopulations
of the NiCo riboswitch. (B) Exponential decays of the dwell time distributions presented in a semi-
logarithm plot, indicating that folding and unfolding of the NiCo riboswitch follow first order
kinetics. (C) Schematic representation of detailed NiCo riboswitch SmFRET construct folding and
unfolding. Note that the cartoon representation of the unfolded state (U) suggests a more
relaxed/less structured state, which does not necessarily represent the average configuration.

time resolution (Figure 5.3).3! From visual inspection of sample data in Figure 5.3, the resulting
ErreT trajectories indicate that the NiCo riboswitch exists in three states with distinct Errer
values, which are also clearly evident in the corresponding Erret histograms (Figure 5.4A). Due
to the fact that the three Erret distributions are partially overlapping, the traditional methods of
dwell time analysis with thresholding prove challenging to implement due to shot noise
fluctuations in the fluorescence signals.® * To facilitate the data analysis and improve the
reliability of the extracted rate constant information, we have implemented Hidden Markov
modeling (HMM) methods based on maximum likelihood estimation, which have been widely
applied to study time-dependent single-molecule data.*>® Simply summarized, HMM presumes
a given kinetic model and optimizes (by changing these model parameters) the likelihood of

predicting Erret Values/distributions that correctly match the actual Errer time trajectory data.*®



108

Such an approach proves extremely useful in obtaining estimates of ErreT Values, number of
states, and kinetic rate constants. As one of many powerful attributes, HMM analysis provides
access to explicit time trajectory predictions with which to compare to experimental Erret data
(e.g., the dark blue line in Figure 5.3).

As yet another advantage, HMM analysis allows one to include and rigorously examine
the statistical possibility that the system is better described by more than three Errer
distributions®®. Interestingly, HMM analysis rejects this and consistently predicts three states in
the ErreT trajectories (Figure 5.3, lower panels), corresponding to Erret = 0.35, 0.60 and 0.75.
The high Errer state (Errer = 0.75) agrees well with our prediction of the folded NiCo
riboswitch from the crystal structure.® Furthermore, we find virtually all transitions (> 98 %)
between the lowest (Erret = 0.35) and highest (Errer = 0.75) states exhibit a “pause” at the
intermediate Errer = 0.60 value, strongly suggesting that the subpopulation with Erret ~ 0.60
corresponds to a folding intermediate (denoted herein as 1) that represents a stable transition
point between fully folded (F) and unfolded (U) conformations (more details in Section 5.4). We
therefore assign the three Erret populations to be the folded (F, Errer = 0.75), intermediate (I,
Errer = 0.6) and unfolded (U, Erret = 0.35) conformations of the NiCo riboswitch, described by
a simple kinetic model with 4 corresponding unimolecular rate constants (Ku—1, Ki-u, Ki—r, Kr—-1)
illustrated schematically in Figure 5.4C. In Figure 5.4B, the conventional dwell time analysis of
the predicted Errer trace supports that each folding process is effectively described by a first
order rate constant, with the cumulative dwell time distributions well fit to exponential decay
functions, and yielding HMM predictions of the rate constants summarized in Table 5.1. We can

also extend these kinetic results in a few ways. For example, according to the kinetic model, the
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ky (s ki .y (s ki (s) ki (s

HMM

. 13.0 4.90 1.55 2.89
analysis
Dwell time
analysis 13.5(4) 4.82(9) 1.58(4) 3.05(11)

Table 5.1 Rate constants obtained from HMM and traditional dwell time analysis. Error bars in
parentheses represent 1o standard deviations of the mean.

decay rate constant of the dwell time distribution for state | should be the sum of ki—.u and ki—r
due to parallel I — U and I — F pathways. The individual values of ki—u and ki—r can thus be
extracted by multiplying the total decay rate constant by the branching ratio for each transition.
For instance, the decay rate constant for | is determined to be k = 6.40(12) s (Figure 5.4B, blue
line), with numbers of independently observed I — U and I — F transitions as N1 uy = 64 and
Ni—, u = 21, from which ki—u and ki can be readily calculated to be 4.82 s and 1.58 s,
respectively. Finally, due to limited statistics on sampling of all three states with limited
observation times due to photobleaching, the dwell time data for the HMM analyses are
collectively analyzed for each experimental sample run consisting of N = 30 single molecules
separated into n = 3 separate samples. This parsing of the data allows us to obtain HMM rate
constants independently for each of the three samples, yielding meaningful statistical averages

and standard deviations of the mean.

5.4 Results and analysis

5.4.1 Co?*-promoted NiCo riboswitch folding

From previous study of the NiCo riboswitch surveying a wide range of metal cations,® the Ni?*
and Co?* were alone found to influence the structure of the four-way junction, which in turn

correlates with the relative orientation between the 4 helices. As a result, we can hope to monitor



the effects of Ni?* and Co?* binding to the 4-way junction loop via time-dependent Erret

trajectories (Figure 5.3). Since the Co?* ion positions are most clearly resolved from X-ray
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crystal structures,*® we first systematically explore the folding kinetics of the NiCo riboswitch as

a function of [Co?*]. Specifically, HMM methods are used to analyze Erret trajectories for a

statistically significant sample (three independent sets of N = 10 molecules) of NiCo riboswitch

constructs, to obtain the 4 kinetic rate constants (ku-i, ki—u, Ki—F, Kr—1) connecting the unfolded

(V), intermediate (), and folded (F) conformational manifolds. The results from such an analysis

are summarized in a plot of rate constants (Figure 5.5A) as a function of Co?*, with the

equilibrium fraction of U, |, F states at each ion concentration depicted in Figure 5.5B. From the

bottom panel, it is clear that the overall complex equilibrium shifts systematically from unfolded
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Figure 5.5 Co?* dependence of NiCo riboswitch folding. (A) Rate constants ku_ (red empty
diamonds), ki—u (green empty diamonds), ki—r (red solid circles) and kg1 (green solid circles) as
a function of [Co?*]. (B) Equilibrium fraction as a function of [Co?*] (green: U, blue: I, red: F).
Solid lines represent fits to the Hill equation (Eq. 5.1). Error bars represent 1o standard deviations

of the mean.
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ko () k; (s1) Ky (uM) n
ki_r (Co™) 0.8(3) 6.3(5) 0.32(4) 3.1(11)
ke 1 (Co?) 8.2(4) 2.2(3) 0.24(3) 3.1%
ke (Ni2¥) 0.9(2) 2.6(2) 0.26(7) 1.8(10)
ke (Ni29) 7.7(8) 1.8(4) 0.17(6) 1.8%

Table 5.2 Fitting results from Hill analysis. (* indicates parameters fixed in the fit).

Error bars in parentheses represent 1o standard deviations of the mean.

(= (U + 1)) to predominantly folded (= F) at increasing [Co?*] with sub-micromolar affinities.

However, parsed in terms of individual rate constant contributions, the kinetics become even
more interesting, as displayed in Figure 5.5A. For example, the major contributor to such
conformational transformation appears to be the forward/reverse rate processes between | and F
(solid circles), with the successful folding of the NiCo riboswitch (U — F) promoted by a

simultaneous [Co?*]-dependent increase in ki - (I — F transition) and decrease in ke - (F — I

transition), respectively. Of particular relevance, the rate of increase in ki_r for low [C0%"] is
supralinear, which suggests that conformational change from | to F is driven by the cooperative
presence of multiple Co?*.*® This can be further quantified by least squares fits of the rate

constants to a Hill equation®”- %01

Kior = Ko+ = o) (i) Fq. 5.1

Kq"+[M2+
where ko represents the value of ki at [C0?"] = 0, k1 represents the saturated value of ki_.r at
high [Co?"], Kq is the apparent dissociation constant, and n is the Hill coefficient. The fits yield a
Hill coefficient of n = 3.1(11) for Co?*-promoted folding (Table 5.2), again indicating a strong

positive cooperativity and in good agreement with previous in-line probing assays.*® Conversely,



112

the unfolding rate constant kr_.; decreases as a function of increasing [Co?*]. Since the range of
[Co?*] explored (0-1.2 uM) is 2-3 orders of magnitude lower than the background [Mg?*] (= 0.5

mmol/L), this monotonic decrease in ke cannot result from purely cationic stabilization of the
aptamer domain by Co?*. Indeed, kr_.1 has already been shown (Section 5.4.3) to be insensitive
to [Na*] and [Mg?*] in the absence of Ni?* or Co?*, which indicates that kr_.; primarily depends
on ligand association. Thus, the strong dependence of ke on [Co?*] suggests that the NiCo
riboswitch unfolds at distinctive rates from each sub-population (Fi) with different numbers of
Co?* jons, and with the equilibrium between each state Fi-1 23 modulated by [C0%*],%" thus

naturally leading to a strongly [Co?*]-dependent unfolding. In order to model the decrease in
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Figure 5.6 Ni?* dependence of NiCo riboswitch folding. (A) Rate constants ku_ (red empty
diamonds), ki—u (green empty diamonds), ki—r (red solid circles) and kg1 (green solid circles) as
a function of [Ni?*]; (B) equilibrium fraction as a function of [Ni%*] (green: U, blue: I, red: F).
Solid lines represent fits to the Hill equation (Eq. 5.1). Error bars represent 1c standard deviations
of the mean.
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kr—1with Co?*, the kinetic data in Figure 5.5A are similarly fit to the Hill equation (Eg. 5.1) with

n fixed at 3.1 value from analysis of ki_r (Table 5.2).

By way of contrast, the conformational kinetics sampling transitions between the
unfolded (U) and intermediate (1) states is insensitive to [Co?'] (Figure 5.5A, empty diamonds),
with ku—1= 13 st and kiu = 4 s, respectively. This implies that the NiCo riboswitch is
actively sampling the “prefolded” intermediate state with a similar rate constant under all buffer
conditions here. As these “prefolding” rate constants are on the order of or larger than the
subsequent (I — F) folding rate constants, the fractional split between [U] and [I] (see Figure
5.5B) remains relatively constant over the full dynamic range of [Co?*] explored. However, since
| folds efficiently upon Co?* binding, the overall concentration [U + 1] is significantly depleted

with increasing [Co?'] as the overall equilibrium is driven towards [F] (Figure 5.5B).

5.4.2 Ni?*-promoted NiCo riboswitch folding

The NiCo riboswitch has been shown to respond to Ni?* as well as Co?" in previous
structural studies and in vitro transcription assays.'® Although the x-ray crystal structure of the
Ni2*-bound NiCo riboswitch is currently unavailable, previous in-line probing studies have
revealed similar cleavage patterns in response to Ni?* and Co?* ions, suggesting that both ligands
induce a similar conformational change. Experimentally (see Figure 5.3 and 5.6), the present
studies show remarkably similar single molecule folding kinetics as a function of either [Ni%*] or
[Co?*]. For example, time dependent Ergrer trajectories for the NiCo riboswitch construct in the
presence of Ni?* (Figure 5.3) also exhibit three distinct states (U, I, and F), indeed with the same
Errer values (0.35, 0.6, 0.75) seen in the presence of Co?*. Also consistent with the [Co?*]
dependence, the rate constants for folding (ku—1) and unfolding (ki—u) from U to the “prefolded”

intermediate | remain relatively constant over the range of [Ni?*] studied (Figure 5.6A, empty
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diamonds), with the equilibrium driven toward the F conformation by a simultaneous increase
and decrease in ki and kr_1, respectively (Figure 5.6A, solid circles). The only quantitative
differences in the rate analyses can be seen in the Ni?* vs. Co?* dependence of ki_r. Specifically,
kir increases less superlinearly with [Ni?*] than [Co?*], which is consistent with a lower (albeit
finite) Hill cooperativity and a significantly lower saturation rate constant in ki—r. Indeed, least
squares Hill fits of ko, ki, K¢, and n to Eq. 5.1 yield ko = 0.9(2) s}, k1 = 2.6(2) s, Ka = 0.26(7)
UM and n = 1.8(10), respectively (Table 5.2). Note that Ni?*-promoted folding of the NiCo
riboswitch construct still exhibits positive cooperativity (n > 1), though with lower levels than

C02+ 16

5.4.3 Physiological cation (Na*/Mg?*) effects on the NiCo riboswitch structure
Counterions (cations) are essential for RNA folding due to charge neutralization and

electrostatic screening.5>3 Cations in the cellular environment are quite abundant, with
monovalent (Na* and K*) and divalent (Mg?*) cation concentrations at the ~100 mmol/L and

few-mmol/L levels, respectively. It is thus useful to probe NiCo riboswitch conformational
kinetics and dynamics under physiological cation conditions in the complete absence of Ni%* or
Co?* cognate ligand. We first explore the NiCo riboswitch as a function of [Na*] without
divalent cations, i.e. [Mg?*] = 0 (Figure 5.7A). It is important to note that we still see clear
evidence in the Errer trajectories for the three conformational states (U, | and F) even in the
absence of ligands (see Figure 5.3C), which indicates the robustness of the prefolded
intermediate and motivates a similar HMM analysis of the rate constants (see Figure 5.7A and
5.7B). Interestingly, three of the four rate constants show little dependence on monovalent [Na'],

with the only significant response that the rate constant for unfolding of the intermediate (ki)
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Figure 5.7 General monovalent/divalent background cation dependence of NiCo riboswitch
folding. Rate constants ku—i (red empty diamonds), ki—.u (green empty diamonds), ki—r (red solid
circles) and kr—1 (green solid circles) are studied as a function of (A) [Na'] and (B) [Mg?']
concentration. Dashed lines are added to highlight the change in k (or lack thereof) as a function
of cation concentration. Error bars represent 1o standard deviation of the mean.

is reduced by Na* (Figure 5.7A). Stated alternatively, increase in [Na*] primarily enhances the
fractional concentration of the prefolded intermediate [1]/[U] by decelerating the rate of  — U
unfolding. This is in dramatic contrast to the behavior noted previously for the cognate ligand
cations, which impact only the rate constants for final folding from I to F (ki—r) or vice versa
(kr—1) with negligible impact on the corresponding U to I initial folding/unfolding steps (ki—u
and ku—i). Also surprisingly, the high Errer folded state (F) is observable over the entire range of
[Na*] explored, though formed with a much lower rate constant (i.e., ki-r= 0.2 s*) and
equilibrium probability (Kior = 0.05), with both ki—.r and kr—1 exhibiting no systematic
dependence on [Na*]. These results indicate that the NiCo riboswitch can dynamically sample
the fully folded conformation even without cognate ligand binding to stabilize the final

biochemically competent state.

Similar effects are also observed in studies of the Mg?*-dependent folding/unfolding

kinetics at a constant monovalent background [Na*] = 100 mmol/L (Figure 5.7B), except that
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reduction in the unfolding rate constant (ki) is now > 100-fold more sensitive to Mg?* and
responds at the sub-millimolar level. Therefore, both Na* and Mg?* background levels efficiently
promote the intermediate population (I) by decelerating the unfolding rate constant ki—.u without
significant impact on unimolecular folding to the final folded state ki_.r. Differential response to
the two cationic species and cognate ligands in terms of folding of the NiCo riboswitch may
therefore be sorted into two separate contributions (see Figure 5.4): (i) prefolding from U to |
promoted by universal (i.e., non-selective) counterion stabilization effects (both Na* and Mg?*)
and (ii) folding from I to F promoted by selective cognate ligand binding. Although Na* and
Mg?* do not by themselves promote the fully folded state (F), they do nevertheless facilitate
formation of the NiCo riboswitch by encouraging a “fold-like” conformation (1) and effectively
suppressing the unfolded state (U). As a result, the overall fraction of the fully folded state can

still be enhanced by background [Na*] and [Mg?*]. We note that such cation effects to promote a
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Figure 5.8 Temperature dependence of equilibrium constants presented in van’t Hoff plots at (A)
[C0%*] = 0 umol/LM and (B) [C0?*] = 0.5 umol/L (blue empty diamonds: Ky, pink solid circles:
Kior). Data fits with linear regression yield detailed thermodynamic information (i.e. AH® and
AS®) by Eq. 5.2. Error bars represent 1o standard deviations of the mean.
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fold-like state in preparation for folding have been observed in multiple riboswitch systems with
Mg?*.2% 3637 |t js also not surprising that cations like Na* yield stabilization effects at higher
concentration, as monovalent-ion-promoted folding has been demonstrated with fundamental
RNA tertiary folding motifs such as the kink turn,>* four-way junction® and tetraloop-receptor**
56 commonly found in fully functional RNA.
5.4.4 Temperature dependent folding equilibrium: Van’t Hoff analysis

Temperature has significant impact on biomolecular structure, as the folding/unfolding
kinetics depend exponentially on enthalpic and/or entropic contributions to the overall free
energy differences. Indeed, the temperature dependence of biomolecular folding contains crucial
thermodynamic information that helps provide a clearer physical picture of the folding
dynamics.® Toward that end, NiCo riboswitch folding kinetics at the single molecule level has
been studied as a function of temperature (T = 20-30 °C), with and without the primary cognate
ligand ([Co?*] = 0.0 and 0.5 pM), and analyzed by HMM methods described in Section 5.3.3. As
a first stage of analysis, we focus on the two temperature dependent equilibrium constants,
Kuoi(T) = ku—i/ki-u = [1eq/[U]eq and Kior(T) = Kimr/Ke—1 = [Fleq/[]eq, Which are extracted from
the HMM modeling and displayed in a conventional van’t Hoff plot in Figure 5.8. This allows us
to deconstruct the two folding free energy differences (U — I and I — F) into changes in

enthalpy (AH®) and entropy (ASP) via a linear fit to the standard van’t Hoff expression

AH® 1 = AS®
ln(Keq) = _T¥ + T . Eq 5.2

In the absence of Co?* (Figure 5.8A), Kuw1 shows only a weak dependence on the temperature
(i.e., slope m = 0 within experimental uncertainty), indicating therefore a negligible enthalpic
contribution (AH%_.; = 1.4(13) kcal/mol = 0). Conversely, we can extrapolate Eq. 5.2 in the high

temperature limit to yield a positive intercept that reveals U — I folding to be dominated by only
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modest entropic gain (AS°u_.; = 7(4) cal/mol/K). The second stage (I «»> F) folding equilibrium
constant (Ki—r) exhibits a more pronounced dependence on temperature, now with an overall
positive slope consistent with a mildly exothermic process (AH 1.r = -14(8) kcal/mol) and a
negative intercept indicating an overall entropic penalty to folding (AS®_r = -52(26) cal/mol/K).

Thermodynamic data obtained from these van’t Hoff analyses are summarized in Table 5.3.

L AGY AGY_y 1 AHY, AH, 1 ASYy AS_,
| (kcal/mol) (keal/mol) | (kcal/mol) (kcal/mol) | (cal/mol/K)  (cal/mol/K)
| 1 1
e = i -0.54(4) 1.49(7) E 1.4(13) -14(8) E 7(4) -52(26)
O0mM | . !
] ] ]
[Co* = 1 1 1
-0.56(9) -0.41(10 4.1(15 -44(6) 16(4 -146(21
0.5mM | ( (10) ! (15) ( ! 5(4) (21)

Table 5.3 Thermodynamic values obtained from a van’t Hoff analysis of the equilibrium constant
data, where AGY is calculated from Keq at T = 22.5 °C. Error bars in parentheses represent 1o
standard deviations of the mean.

In the presence of 0.5 uM Co?* (Figure 5.8B), the temperature dependence of the first
stage (Kuw1) is virtually identical to that at 0.0 uM. This is of course consistent with our previous
room temperature observations, whereby “prefolding” from U — I showed no sensitivity to the
presence or absence of the cognate ligand. However, a much more dramatic effect of Co?* on
NiCo riboswitch folding is indicated by the rapid decrease of the second stage (Kior) with
increasing temperature, which now yields a strongly positive slope (m > 0) and a more negative
intercept in the van’t Hoff plot, corresponding to a substantial increase in both exothermicity
(AH%-r = —44(6) vs -14(8) kcal/mol) and entropic loss (AS®_.r = -146(21) vs -52(26)
cal/mol/K) at 0.5 vs 0.0 uM. As a plausible physical picture, this would be consistent with the

cognate ligand preferentially captured by a prefolded (1) vs unfolded (U) riboswitch via
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Figure 5.9 Temperature dependence of rate constants presented in Eyring plots: ku—i (red empty
diamonds) and ki—u (green empty diamonds) at (A) [Co?*] = 0 umol/L and (B) [Co%*'] = 0.5
umol/L; ki—r (red solid circles) and kr_ (green solid circles) at (C) [Co?*] = 0 umol/L and (D)
[Co%*] = 0.5 umol/L. Data fits with linear regression yield detailed thermodynamic information

(i.e. AH* and AS*) by Eq. 5.3. Error bars represent 1c standard deviation of the mean.

exothermic coordination of the Co?*, resulting in a more highly ordered ligand-bound

configuration and thus a significant loss in translational entropy.>"*8

5.4.5 Temperature dependent folding kinetics: transition state theory (TST) analysis
Further information can be obtained from the corresponding temperature dependence of

the forward/reverse Kinetics, which can be deconstructed with Eyring/transition state theory

(TST) analysis to yield isolated enthalpic and entropic contributions to the transition state barrier.

Specifically, the thermodynamics of the transition state can be obtained from a standard Eyring

plot of In(k) vs 1/T-3L 3441

E ¥
In(k) =—A%%+A%+lnv. Eq. 5.3

In Eq. 5.3, AH* and AS* represent enthalpy and entropy differences between the transition state

and the initial (or final) state, while v represents an “attempt frequency” sampling the free energy
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barrier along the folding coordinate®-%° and often treated as a low frequency skeletal vibration
with v =~ 101 s1.5162 |t js worth noting that AS* depends only quite weakly (i.e., logarithmically)
on the choice of v and, furthermore, any differential (e.g., Co?" induced) changes in the transition

state entropy (AAS?) are rigorously independent of v.

Eyring plots of Eq. 5.3 for the two conformational transformations U «<» I and I <> F
(forward and reverse) are presented in Figure 5.9 and reveal several interesting features. First of
all, by visual comparison of Figure 5.9A and 5.9B, the plots for the U <> I kinetics indicate Co?*
to have only quite modest effects on the forward (folding) and reverse (unfolding) rate constants
ku—r1and ki.u. This insensitivity to Co?* in both the forward/reverse rate and equilibrium
constants for this prefolding step implies negligible changes in the first transition state barrier
(TSuor) with cognate ligand. Indeed, the negative slopes observed for both ky—rand ki—u
indicate a strong but equally endothermic process (AH*u_1 = 23(3) kcal/mol, AH*_y = 22(3)

kcal/mol) to cross the transition barrier from either direction.

By way of contrast, the cognate ligand effects on the second stage I «<» F conformational
kinetics are clearly much more significant. In the absence of Co?* (Figure 5.9C), both the
forward (ki—r) and reverse (kr—i) folding rate constants depend only weakly on temperature,
with slopes corresponding to AH*_r = -11(8) kcal/mol and AH*r_,; = 3(6) kcal/mol,
respectively. Moreover, by Eg. 5.3, the entropic penalties of accessing the transition state are
determined as AS*_r = -98(27) cal/mol/K and AS*r_,; = -46(22) cal/mol/K). However, in the
presence of 0.5 uM Co?*, the rate constant changes dramatically (cf. Figure 5.9C vs Figure
5.9D). The first effect is an increased slope in the rate constant for folding (ki—.r) with decreasing
experimental temperature, consistent with a more exothermic folding in the presence of the

cognate ligand Co?* (AH*_r = -20(4) vs -11(8) kcal/mol). This increased slope results in a more
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negative y-intercept, therefore predicting an even greater entropic penalty for Co?*-induced
folding (AS*r = -123(14) vs -98(27) cal/mol/K). Simply summarized, the forward folding step
(I — F) experiences a more significant entropic penalty (-TAAS* . > 0) which is
counterbalanced by increased enthalpic stabilization (AAH* 1 < 0) in the presence of 0.5 pM
Co?*. The reverse folding step (F — I), on the other hand (see Figure 5.9D), now becomes
noticeably more temperature sensitive. From fits to Eq. 5.3, the riboswitch needs to cross a more
significant enthalpic barrier to fold (AH*r_1 = 24(4) vs 3(6) kcal/mol), with the effects strongly
mitigated by entropic gain (AS*r—1 = 24(13) vs -46(22) cal/mol/K) in the presence and absence

of the cognate ligand (see Table 5.4).

L AH,, AHY g AHY, 5 AHL ;1 ASh AS! Ly AS! ASYe
: (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) : (cal/mol/K)  (cal/mol/K)  (cal/mol/K)  (cal/mol/K)
] i
[Co* = 1
0 I 233) 22(3) -11(8) 36)  24(11) 18(11) 98(27) -46(22)
mM i 3
I |
[Cor]= 20(2) 16(2) -20(4) 1) | 1409) -1(8) -123(14) 24(13)
0.5mM | ! - ;

Table 5.4 Thermodynamic values obtained from an Eyring/TST analysis. Error bars in parentheses
represent 1o standard deviations of the mean.

55 Discussion

5.5.1 Cations facilitate formation of a prefolded NiCo riboswitch intermediate

The combination of FRET, time correlated single photon counting methods, and high NA
confocal microscopy have permitted monitoring of conformational kinetics of the NiCo
riboswitch construct at the single molecule level. The results indicate that folding proceeds via a
two-step process between three conformations with three distinct Erret values (Figure 5.3),

specifically identified as unfolded (U) and folded (F) states, with a stable “prefolded”
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intermediate conformation (I) directly along the U — F folding pathway (Figure 5.4). The
cognate ligands (Co?* and Ni?*) are found to efficiently promote the formation of F from the
prefolded intermediate | with sub-micromolar affinities by simultaneously increasing and
decreasing ki—r and kg1, respectively. In sharp contrast, however, kinetic rates and overall
equilibrium constants between the unfolded (U) and prefolded intermediate (1) conformations
show zero dependence on cognate ligand concentrations up to micromolar levels. Finally, we
find the first stage of folding/unfolding (U < 1) to be strongly stimulated by near physiological
levels of monovalent (Na*) and divalent (Mg?*) cations (Figure 5.7). This collective behavior
suggests that the NiCo riboswitch intermediate (1) is a prefolded structure stabilized by cations
through charge neutralization and screening of the phosphate groups,®>2 with an intermediate
ErreT value indicating that the helices are partially aligned toward the folded conformation due
to preorganization of the junctional loop aptamer domain. Indeed, this would be consistent with
previous studies, whereby a more fold-like conformation of riboswitches can be promoted by
physiological levels of Mg?* to increase the aptamer ligand affinity in a “fold-then-bind”
mechansim.?® %37 Moreover, the present work has shown that monovalent cations (Na*) exhibit
similar stabilization effects for the intermediate state, requiring higher but still physiologically
relevant concentrations. Such “fold-then-bind” behavior represents a classic example of
conformational selection, whereby a biomolecule spontaneously samples many
thermodynamically accessible configurations, but preferentially locking into an optimal “target”
structure due to enhanced binding for the cognate ligand.® In this study, the prefolded NiCo
riboswitch intermediate (1) is sufficiently long lived to be identified by its distinct Errer value.
As a novel result of the intermediate (1) being along the folding pathway and distinguishable

from the unfolded (U) and folded states (F), we are able to follow the folding/binding process in
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single molecule detail and thereby provide direct evidence for a “fold-then-bind” mechanism

without any underlying kinetic model assumptions.%%7
5.5.2 Folding is induced by ligand binding to the conformational intermediate

Ni2* and Co?* cognate ligands of the NiCo riboswitch have been shown to effectively
promote conformational transformation from a prefolded intermediate | to the fully folded state F
with sub-micromolar affinities. Furthermore, it achieves this while maintaining a fixed [U]/[1]
ratio through cationic stabilization effects dominated by physiological monovalent (Na*) and
divalent (Mg?") salt conditions. As a function of increasing [Co?*] (Figure 5.5), the NiCo
riboswitch is stabilized in the folded state (F) both by increasing the folding (ki—r) and
decreasing the unfolding (kr—.1) rate constant. The supralinear increase of ki_r at low [C0%]
indicates the Co?*-induced folding to be highly cooperative, consistent with previous in-line
probing results.!® The cooperativity for ki is determined from a Hill analysis to be n = 3.1(11)
(Table 5.2), in good agreement with the three bound Co?* ions resolved in the crystal data.’® One
should stress that Hill coefficients can differ from the number of bound ligands and are not
always equivalent to the exact ligand stoichiometry.53-% Instead, the data indicate a consistency
with complete folding (i.e. change in Erret) of the NiCo riboswitch upon association of the three

Co?*ions.

This cooperativity makes the NiCo riboswitch particularly sensitive to cognate ligand at
concentrations in the transition region near [Co?*] ~ Kq = 0.32(4) UM and thus yielding a much
sharper threshold response.?5-% Cooperative Co?* response of the NiCo riboswitch may therefore
be advantageous by allowing cellular [Co?*] to be maintained near Kg, but where high
cytotoxicity requires any additional Co?* to be immediately removed.®’ Note that while the

present Kq values are in quantitative agreement with the recent studies of NiCo riboswitch-based
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fluorescent sensors titrated in citrate buffer,®” they are roughly an order of magnitude lower (i.e.,
more sensitive) than previous in-line probing results.'® We do not know the reason for these
differences, but can speculate that the presence of high [Mg?'] in the in-line probing studies may
interfere with ligand recognition/binding. Indeed, since Mg?" is the dominant divalent cation in
cells and is known to strongly interact with RNA, either synergy or competition between Mg?*
and the cognate ligands would be a natural possibility. This would suggest the value of future
studies into Mg?* cooperativity/anticooperativity effects on riboswitch response and metal ion

toxicity.

The second cognate ligand Ni?* promotes the NiCo riboswitch folding in a way
qualitatively similar to Co?*, with kir and kr_ systematically increasing and decreasing,
respectively as a function of [Ni%*] (Figure 5.6). There are, however, important differences
between the two ligands. Specifically, the increase in ki—r at low [Ni?*] indicates a lower
cooperativity (n = 1.8(10)) for Ni*-promoted folding, yet which is compensated by an even
tighter ligand affinity (Kq = 0.26(7) uM) (Table 5.2).%” The results suggest that the NiCo
riboswitch has evolved to trigger at lower levels of cognate ligand but more gradually toward
removal of excess Ni?*. A second difference in the NiCo riboswitch behavior can be seen in the
saturation value of ki_r, which is nearly 3 times lower for Ni* than Co?* and therefore predicts
only = 50 % of the folded population under saturating [Ni?*] conditions. Such incomplete folding
behavior, however, may not be characteristic of NiCo riboswitch in vivo, where more complete
folding may be aided by molecular crowding and excluded volume interactions in the

intracellular environment.88-69
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Figure 5.10 Detailed energy diagram of NiCo riboswitch folding at (A) [Co?*] = 0 umol/L and

(B) [Co%*] = 0.5 umol/L, with the unfolded state (U) as reference zero (blue: AG, red: AH, green:
~T(AS) at T = 22.5 °C).

5.5.3 Detailed thermodynamics for folding of the NiCo riboswitch

NiCo riboswitch folding at the single molecule level has been examined with temperature
controlled measurements to obtain detailed information on relative free energies (AGP) for each
of the three conformational states (U, | and F) and two transition state barriers (TSuor, TSioF) as
well as thermodynamic deconstruction of these free energies into enthalpic (AH) and entropic
(=TAS) contributions. These unusually rich free energy landscapes are presented in Figure 5.10,
where the single arbitrary reference energy is chosen to be zero for the unfolded state (U). First,
we focus on the limit of ligand-free folding, i.e. [Co**] = 0 (Figure 5.10A). In the prefolding
transition (U — I), the system encounters an enthalpic barrier (AH*y_1 = 23(3) kcal/mol) that is
only partially mitigated by small entropic gain corresponding to a free energy contribution

—T(AS*u—1) = -7(3) keal/mol at T = 22.5 °C. Furthermore, after crossing the transition state

(TSuor), the riboswitch reaches the intermediate prefolded state (1) with a free energy
surprisingly close to the unfolded conformation (U), despite a large 15 kcal/mol transition state

barrier. The net near zero change in both AH%_, (1.4(13) kcal/mol) and —-TAS%_1 (-2.0(12)
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kcal/mol) would be consistent with the absence of significant cation association in the U — |
step, which in contrast would be highly enthalpically favored and accompanied by large entropic
loss due to reduced cation mobility. This suggests that the major structural transition from U — |
instead involves modest rearrangement of the solvent (water) configuration and hydrogen
bonding around the RNA junction that successively re-orientates the four helices and results in
the observed Erret change. A predominantly enthalpic barrier would thus be consistent with the
simple physical picture that, during rearrangement, only some of the hydrogen bond structure is
restored at the transition state (TSu.i). Furthermore, after crossing the transition barrier,
hydrogen bond reformation enthalpically stabilizes the system and effectively brings down the

free energy level of the intermediate state I, as illustrated in Figure 5.10A.

The second stage of folding (I — F) is more complex. In the absence of cognate ligand
(Figure 5.10A), the free energy transition state barrier (TSi—r) is dominated by entropic loss of
the system (—T(AS*_F) = 29(8) kcal/mol) partially mitigated by a relatively small exothermicity
(AH*1r = -11(8) kcal/mol). Moreover, the final folded state F is stabilized by a further decrease
in enthalpy (AH_r = -14(8) kcal/mol), while destabilized by entropy loss (-T(AS%—r) = 15(7)
kcal/mol), with respect to the intermediate conformation (I). Such changes in the
thermodynamics would be consistent with Coulomb repulsion of the phosphate groups partially
neutralized by associated monovalent/divalent cations. We note that in the kinetic analysis,
folding and unfolding between | and F conformations have been shown insensitive to Na+/Mg2+
concentrations. While the cation association and neutralization are clearly indicated in the
thermodynamic analysis, we therefore suspect the cation effects may saturate at relatively low

concentrations. Alternatively stated, stabilizing cations are readily attracted to the 4-way junction
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at relatively low concentrations. Therefore, cation stabilization effects and cation-insensitive
folding are independently observed in thermodynamic and kinetic analysis, respectively.

In the presence of cognate ligand [Co?*] = 0.5 uM (Figure 5.10B), the free energy
changes in the initial folding process (U — I) are quite similar to those at [Co?"] = 0 uM (see
also Table 5.3 and Table 5.4). This is again consistent with our previous observation (Figure
5.5A) of an insensitivity in U — I folding pathway to Co?*. The more dramatic Co?* effects are
seen in the (I «» F) transition between the prefolded and fully folded state. At the second
transition state (TSir), the presence of Co?" results in an increased entropic barrier (~T(AS*F)
= 36(4) kcal/mol vs 29(8) kcal/mol at [Co?*] = 0), accompanied by a 2x greater enthalpic
stabilization (AH*_r = -20(4) kcal/mol vs -11(8) kcal/mol). Furthermore, the Co?* effects are
even stronger for the overall I — F changes in free energy due to enthalpy (AH%_r = -44(6) vs -
14(8) kcal/mol) and entropic (—T(AS%—r) = 43(6) vs 15(7) kcal/mol) for 0.5 pm and 0.0 pum,
respectively. Both this increased entropic penalty and enthalpic stabilization along the folding
coordinate are consistent with strong binding of the cognate ligand to the binding site to form a
more ordered structure with loss in mobility.® In contrast with the monovalent/divalent cation
effects at [Co?*] = 0, the greater enthalpic stabilization of Co?" due to the metal coordination
overcomes the entropic loss, resulting an overall free energy change in slight favor of the folded
(F) conformation (AG%_r = -0.41 vs +1.49(7) kcal/mol at [Co?'] = 0). In fact, such
thermodynamic shifts induced by ligand association are routinely observed in both ligand-
binding protein’ and nucleic acid®* * systems. Our results thus provide additional
thermodynamic support for cognate ligand Co?* binding to the prefolded conformation (1)
directly promoting and stabilizing the folded structure (F) in a “bind-then-fold” conformational

selection mechanism.
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As a parting comment, it is noteworthy that the enthalpic (AH®) and entropic (—T(AS?))
contributions to the overall free energy change are large in magnitude and of opposing signs.
Such a counterbalance between the enthalpic/entropic effects is known as entropy-enthalpy
compensation.®® 72 In folding of the NiCo riboswitch, such enthalpy-entropy compensation
effects are seen to occur multiple times, as highlighted in Figure 5.10 by the relatively modest
shifts in AG? values contrasting with the order of magnitude larger AH® and —TAS° values. As
one example, the free energy AG®_r for I — F folding in the presence of Co?* is only -0.41(10)
kcal/mol, despite the fact that each of the entropic penalty and enthalpic stabilization effects are
larger by 2 orders of magnitude (> 40 kcal/mol). Similarly, in the absence of Co?*, AG%_r is
+1.49(7) kcal/mol while the enthalpic stabilization as well as entropic destabilization
components are 10x higher (> 15 kcal/mol). Such a biological propensity to achieve nearly
equally balanced free energy contributions in ~TAS? and AH® for conformational change offers
one way to modulate the temperature sensitivity of RNA folding and conformational stability of

a biologically competent species with only small changes in the overall free energy AG°.

56  Summary and conclusion

The present work reports on the single molecule kinetics and thermodynamics of folding
of the NiCo ribowitch construct as a function of (i) cognate ligand (Ni?*, Co?"), (ii) background
monovalent (Na*) and divalent (Mg?*) concentrations, and (iii) temperature (T = 20-30K).
Although the aptamer domain structure of the NiCo riboswitch is built on a 4-way junction with
no long-range tertiary stem-stem or loop-loop interactions, evidence from the present single
molecule study reveals it to be more complex and kinetically interesting than a simple two-state

folder. Specifically, the NiCo riboswitch has been shown to dynamically fluctuate between three
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stable conformations (unfolded U, folded F and intermediate 1) and exhibit three distinct Errer
values. Of particular relevance, the overwhelming majority (> 98%) of all transitions between
unfolded (U) and folded (F) conformations sample this third conformation (1), which therefore
acts as a long-lived, prefolded intermediate through which overall folding proceeds by two
distinct steps (U — I and I — F). This intermediate I proves particularly crucial for selective
cognate ligand recognition and ligand-induced folding, as clearly evidenced by the fact that
Ni2*/Co?* strongly promote the I — F folding step, while Mg?*/Na* has little effect even at 3-5
orders of magnitude higher concentrations. As a result, the first stage of this NiCo riboswitch
folding (U — 1) can be facilitated by [Na*] and [Mg?*] present at physiological levels, whereas
the second stage of folding is controlled with high selectivity by submicromolar concentrations
of the cognate ligand. The overall folding pathway thus follows a classic “bind-then-fold”
conformational selection mechanism, whereby the binding site on the prefolded intermediate
captures cognate ligands with high selectivity and thereby stabilizes the overall folding event.
Furthermore, both Ni?* and Co?* are shown from a Hill analysis to cooperatively promote folding
of the NiCo riboswitch, with cation selective signatures in Hill cooperativity, Kq affinity, and
saturation Kinetics. As a result, these unique signatures could offer the NiCo riboswitch a
mechanism for discriminating between Ni%* and Co?* to optimize gene-regulation efficiency and
in vivo management of metal ion cytotoxicity. Finally, detailed free energy landscapes have been
reconstructed from van’t Hoff and Eyring analysis of the temperature dependent equilibrium and
kinetic data. The results highlight a complete insensitivity of the first prefolding step (U —
TSuo1 — 1) to cognate ligand, with both dramatic entropy-enthalpy compensation and cognate
ligand sensitivity effects along the second step (I — TSi-r — F) for folding the NiCo riboswitch

into biochemically competent shape.
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Chapter 6
Smaller Molecules Crowd Better: Crowder Size Dependence Revealed by Single-Molecule

FRET Studies and Depletion Force Modeling Analysis

6.1  Abstract

The cell is an extremely crowded environment which is known to have profound impact
on the thermodynamics, functionality, and conformational stability of biomolecules.
Speculations from recent theoretical molecular dynamics studies suggest an intriguing size
dependence to such purely entropic crowding effects, whereby small molecular weight crowders
under constant enthalpy conditions are more effective than larger crowders on a per volume
basis. If experimentally confirmed, this would be profoundly significant, as the cellular
cytoplasm is also quite concentrated in smaller molecular weight solutes such as inorganic ions,
amino acids, and various metabolites. The challenge is to perform such studies isolating entropic
effects under isoenthalpic conditions. In this work, we present first results from single molecule
FRET spectroscopy (SmFRET) on the molecular size-dependent crowding stabilization of a
simple RNA tertiary motif (the GAAA tetraloop-tetraloop receptor), indeed providing evidence
in support of the surprising notion in the crowding literature that “smaller is better.”
Specifically, systematic SmFRET studies as a function of crowder solute size reveal that smaller
molecules both significantly increase the RNA tertiary folding rate and yet simultaneously
decrease the unfolding rate, predicting strongly size dependent stabilization of RNA tertiary

structures under crowded cellular conditions. The size dependence of these effects has been

*This chapter is adapted from: Sung, H.-L.; Sengupta, A.; Nesbitt, D. J. Smaller Molecules Crowd Better:
Crowder Size Dependence Revealed by Single-Molecule FRET Studies and Depletion Force Modeling
Analysis. J. Chem. Phys. 2021, 154, 155101.



137

explored via systematic variation of crowder size over a broad range of molecular weights (90
amu to 3000 amu). Furthermore, corresponding temperature dependent studies indicate the
systematic changes in the folding equilibrium to be predominantly entropic in origin, i.e.,
consistent with a fundamental picture of entropic molecular crowding without additional
enthalpic interactions. Most importantly, all trends in the single molecule crowding data can be
quantitatively recapitulated by a simple analytic depletion force model, whereby excluded
volume interactions represent the major thermodynamic driving force towards folding. Our study
thus not only provides experimental evidence and theoretical support for small molecule
crowding but also predicts further enhancement of crowding effects for even smaller molecules

on a per volume basis.

6.2 Introduction

RNA plays a crucially important role in multiple cellular processes, with particular
relevance in protein translation and gene regulation pathways.! Due to the crucial dependence of
biochemical competence on correct nucleic acid conformation, many studies have focused on
RNA folding, with experiments traditionally performed in relatively dilute buffers with typical
solute concentrations of less than 1% by weight.? This differs quite dramatically from the typical
intracellular environment, where cytoplasmic mass comprises approximately 20 to 30 % solute.*
® Such concentrations of solute result in extremely “crowded” environments that could
significantly alter the thermodynamics, kinetics, and tertiary folding stabilities of small RNA
oligos, which in turn can directly impact biochemical activity.>’ As a result, the deeper
understanding of such macroscopic crowding effects on the kinetics and thermodynamics of

RNA conformation remains a crucial element to establishing a predictive first principles
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connection between in vitro experimental results and in vivo observation under physiological
conditions.

Molecular crowding effects on biomolecular folding in nucleic acid systems have been
demonstrated by many studies.®*2 In most of those crowding studies, the common observation is
that high molecular weight crowders (i.e. polyethylene glycol (PEG) or dextran with molecular
weights greater than 1000 amu) enhance thermodynamic stability of the more compact state and
therefore promote nucleic acid folding.®** Note that this implicitly assumes zero solute-induced
change in enthalpic contributions to folding, which would also shift the relative free energies.
The origin of such purely entropic crowding effects is thought to arise from excluded volume
interactions,® 14> whereby a folded biomolecule takes on a more compact conformation and
therefore allows the rest of the system to (entropically) sample a larger pool of microstates. From
a simple hard sphere perspective, one might think of this additional volume as arising from
excluded interstitial spaces between the crowder particles. One might therefore naturally
anticipate a characteristic length scale () to exist for a given biomolecular size, that allows it to
fit (or not) in the unoccupied interstitial volume. For crowders with a size scale smaller than C,
there would be insufficient room to “hide” the biomolecule, which could translate into more
intense crowding effects. From this perspective, one would predict an asymptotically flat
crowding response above a certain crowder size, but with a rapid increase in crowding effects as

the crowder scale size becomes comparable to that of the biomolecule.

To date, most studies have focused on crowding effects induced by relatively large
molecular weight polymer crowders (e.g. MW > 1000 amu), often referred to as macromolecular
crowding.>® By way of contrast, the potential crowding effects caused by lower molecular

weight species (e.g. MW < 1000 amu) has remained relatively unexplored, particularly with
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respect to effects on RNA folding. This fundamental question of whether small molecule
crowders have significant impact on biomolecular structural stabilities remains unsettled,% 16-18
despite the fact that all species exhibit excluded volume effects regardless of size. Recently,
small molecule crowding (and the size dependence thereof) has been studied in detail by
theoretical simulations of biomolecular folding in polypeptides and nucleic acids,*®% with
additional size dependent predictions made based on hard sphere models.?*2> As one particularly
interesting prediction, the stabilization due to small crowders in some of these studies was
demonstrated to exceed that of higher molecular weight crowders under constant volume fraction
conditions.?%?2 25 Despite these theoretical predictions for small molecule crowding, the
experimental evidence to support these predictions has remained elusive: There has been some
work studying small molecules such as TMAO (trimethylamine N-oxide)?® and TFE
(trifluoroethanol)?’ and which attributes the stabilization effects to crowding. However, these
solutes also contain strong dipole moments and reactive functional groups, and thus, the
bimolecular interaction between these small crowders and protein/nucleic acid polymers can be
quite complex, with both enthalpic and entropic contributions to the overall folding
thermodynamics. This in turn makes it challenging to isolate pure entropic crowding from a

more generic enthalpic steering toward/away from a specific folded configuration.

In the present work, the crowding effect on RNA tertiary folding is studied by PEG and
DME crowders with various molecular weights. PEG is a class of synthetic polymer with tunable
length and well known for its inert biochemical properties. Of particular relevance, PEG has
been shown in previous studies to promote the RNA folding primarily through changes in
entropy,!! consistent with a predominantly excluded volume picture of crowding.4*® Therefore,

with PEG as a crowding agent, we can hope to isolate these entropic crowding interactions from
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the more complex enthalpic contributions such as preferential binding and hydrogen bond
formation. To systematically explore potential crowding effects induced by even smaller
crowders, we then turn to 1, 2-dimethoxyethane (DME, MW = 90 amu) as the smallest repeating
unit of PEG, and its higher molecular weight analogs (MW = 134 and 222 amu), motivated by
the structural similarity to PEG (Figure 6.1).22 DME contains a polyether backbone identical to
PEG, which is considered a key reason for its low biochemical interference. Finally, the methoxy
substituted end groups in DME avoid undesired enthalpic hydrogen bonding interactions with the
crowded biomolecules, but also with other crowder molecules in solution, thus minimizing

crowding effects by clusters of poorly defined size.?%-3!

Undock A

7 Hil g O

o ~
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Figure 6.1 Schematic representation of RNA TL-TLR docking/undocking in the presence of large
(PEG) or small (DME) crowders. The RNA sequences color coded in green/red indicate the
tetraloop/tetraloop receptor folding motifs.

Single-molecule FRET spectroscopy (SmFRET) is utilized to explore the kinetics of RNA
conformational folding as a function of crowding conditions. We exploit the RNA tetraloop-
tetraloop receptor (TL-TLR; Figure 6.1) as a model test system to explore the influence of
crowding, since it is a ubiquitous tertiary binding motif in the 3D folding of many RNA oligos

into biocompetent structures (e.g. ribozymes, riboswitches) and has been extensively
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characterized in biophysical studies at the single-molecule level.*23* The TL-TLR RNA
construct is doubly labeled with fluorescent dyes to provide dynamic structural information
through FRET, with a biotin extension to allow tethering of the RNA construct to the coverslip
surface for extended single molecule fluorescence observation. The docking (folding) behavior
of TL-TLR is visualized by monitoring the FRET energy transfer efficiency (Errer) in real time,
and thus the time-dependent Erret trajectory contains the information on both
docking/undocking equilibria and kinetics (Figure 6.2). Most relevantly, by supplementing these
studies with temperature dependent kinetic and equilibrium measurements, we are able to
decompose the free energy change into entropic and enthalpic contributions.®® 3% Knowledge of
the underlying thermodynamics of crowding allows us to identify the predominantly entropic
effects of PEG/DME molecules on RNA folding and therefore provide additional quantitative
insights/interpretations into crowding phenomena from an excluded volume perspective.

As a natural extension and second major thrust of this paper, we present a simple physical
model based on excluded volume/depletion force to account for the size dependent PEG and
DME crowding phenomena observed at the single molecule level. In such a model, the purely
entropic depletion force is generated by osmotic pressure differences arising from an uneven
distribution of solute crowders due to excluded volume effects.¢-3 Based on a simplified picture
of TL-TLR docking as arising from two RNA motif surfaces drawn into intimate contact, we
find that the size dependence of PEG/DME crowding can be quantitatively well described by
predictions from a depletion force model. Of special relevance, this model predicts small
molecule crowding to be significantly more effective than larger crowders under constant
volume fraction (i.e. % weight) concentrations. The excellent agreement between our

experimental observations and theoretical studies?>?? % not only provides direct evidence for
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“small molecule crowding” and predictions of crowder size dependence, but also highlights the

important role of depletion forces in biomolecule folding.%’
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Figure 6.2 Sample data of single molecule time-dependent Erret trajectories (left panel) and
Errer distributions (right panel) under different crowding conditions: (A) no crowder, (B) 7.5
w% PEG 3k, and (C) 7.5 w% DME.

6.3  Experiment
6.3.1 RNA construct design and sample preparation

A schematic of the TL-TLR folding mechanism is illustrated in Figure 6.1, where Cy3
and Cy5 indicate the positions of the labelled cyanine dyes and the colored coded sequences
correspond to the tetraloop (green) and the tetraloop receptor (red), respectively. The TL-TLR
construct consists of three nucleic acid oligomers:3* (i) a DNA surface tether strand conjugated
with biotin, 5’-biotin-CGC ACT CGT CTG AG-3’; (ii) a Cy3 labeled RNA strand, 5’-Cy3-GGC
GAA AGC C-PEGe-CGU GUC GUC CUA AGU CGG C-37; and (iii) a Cy5 labeled RNA

strand, 5°-Cy5-GCC GAU AUG GAC GAC ACG CCC CUC AGA CGA GUG CG-3’ (all
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purchased from Integrated DNA Technologies, Coralville, 1A). Once annealed, the product is
then purified with high-performance liquid chromatography (HPLC) to isolate the full TL-TLR
ternary construct for single molecule studies.

In sSmFRET experiments, the TL-TLR molecules are immobilized on the coverslip
surface through biotin-streptavidin interactions for prolonged single molecule fluorescence
observations. The imaging buffer contains: (i) 50 mM hemisodium HEPES buffer (pH 7.5) with
0.1 mM EDTA, (ii) the PCD/PCA/Trolox enzymatic oxygen scavenger system to increase the
dye photostability,® (iii) 20 mM NaCl (for temperature controlled experiments), and (iv) 0 to 10
w% PEG or DME crowder.

6.3.2 Temperature controlled single-molecule FRET spectroscopy

The smFRET experiment is performed with a home-built inverted confocal
microscope:** 4% The collimated 532 nm pulsed laser is tightly focused by a 1.2 N.A. water
immersion objective onto a single surface-tethered TL-TLR construct. The resulting fluorescent
photons are collected by the same objective, and then sorted by colors (green/red) and
polarizations (horizontal/vertical) before detection by a series of single photon avalanche
photodiodes (APDs). The arrival time of each photon, both wall-clock “macrotime” time (50 ns
precision) and “microtime” (50 ps precision) with respect to the corresponding excitation pulse,
is recorded by the time-correlated single-photon counting (TCSPC) module and stored for later
analysis. For the temperature dependent studies, control is achieved by heating both coverslip
sample and microscope objective at the same time to minimize thermal gradients and maintain
thermal equilibrium at the desired absolute temperature and precision (x 0.1 °C). Setup details

for the presently used stage and objective heater can be found in previous work.33 40
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6.4  Results
6.4.1 RNA tertiary folding is promoted by PEG and small molecule DME

The TL-TLR binding motif consists of non-canonical hydrogen bond formation and base
stacking interactions between a loop and bulge, representing one of the most common
distinguishing features of RNA tertiary structure.®* #! In the present SmFRET study, the docking
of the TL-TLR is visualized by time-dependent Errer trajectories, sample data from which are
shown in Figure 6.2. The data clearly indicate 2-state toggling behavior of the TL-TLR between
two distinct Errer values, corresponding to docked (Erret ~ 0.7) and undocked (Errer ~ 0.35)
conformations. The docking equilibrium constant Keq is most readily extracted from the ratio of
the total time spent in the docked vs. undocked state. In the absence of crowding solute (Figure.
6.2A), the TL-TLR preferentially remains in the undocked state (Keq = 0.36(5)), while at 7.5 w%
PEG 3k (average molecular weight MWa, = 3000 amu, Figure 6.2B), Keq increases by over 4-
fold (Keq = 1.5(2)). This confirms that crowding by PEG energetically favors the docked state of
TL-TLR, consistent with previous studies indicating PEG promotes biomolecular folding.t* Of
particular relevance to the present work, however, even stronger stabilization of the TL-TLR
tertiary folding motif is observed for the small molecule crowder DME (Figure 6.2C), which
now achieves an additional 3-fold (i.e., for an order of magnitude net) increase in Keq for the
exact same 7.5 w% concentration of crowding solutes. In agreement with theoretical
predictions,?® 2° these results provide first indications for increasingly significant stabilization
effects for RNA tertiary folding with smaller molecular crowders at constant volume fraction.

With these tethered constructs, we can obviously take this crowding analysis one step

further. In addition to equilibrium information, the time-dependent Errer trajectories also report



145

on the forward/reverse kinetics of TL-TLR docking, with the rate constants obtained by analysis

of the cumulative distribution functions (CDFs) of dwell times for each state.*>*4 As shown in
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Figure 6.3 Crowder effects on the TL-TLR docking kinetics. (A) Cumulative distribution
functions (CDFs) of docked and undocked dwell time well-characterized by single exponential
decays (B) Crowder concentration dependence of rate constants Kgock and Kundock With overall trends
highlighted in red dashed and green dotted lines, respectively (C) Crowding effects on rate
constants illustrated in unequal free energy shifts in U (undocked), TS (transition) and D (docked)
states. Error bars represent 1o standard deviation of the mean.
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the sample data in Figure 6.3A, the individual CDFs clearly exhibit single exponential decay,
with the exponent yielding the first order TL-TLR docking or undocking rate constants (Kdock Or
Kundock). The effects of PEG 3k vs. DME on the rate kinetics of TL-TLR docking/undocking are
explicitly summarized in Figure 6.3B. Both PEG and DME clearly promote formation of the TL-
TLR tertiary motif, predominantly by a crowding induced enhancement in Kdock, but also by
commensurate decrease in Kundock. Once again, the results clearly reveal significant differences at
constant w% between the 2 molecular crowding agents, with significantly stronger effects

observed for the smaller (DME) molecular crowder.

These crowding-mediated variations in docking and undocking rate constants for RNA
folding can be parsed within a simplified physical framework of activated complex or transition
state theory (TST)*>*® (Figure 6.3C). From transition state theory, the crowding dependence of
these rate constants can be quantified in terms of the free energy differences between the
transition state (TS) and either the docked or undocked state.3*-3* Simply stated, crowding must
shift the free energies of the unfolded state upward (and folded state free energy downward) with
respect to the TS, in order to achieve the observed increase (decrease) in Kdock (Kundock),
respectively. Moreover, the transition state for RNA folding would be expected to be
intermediate in size between the docked (i.e., most compact) and undocked state (i.e., most
expanded). Given that crowding decreases the system entropy by reducing the number of
accessible microstates, the more compact state is expected to be free energetically favored in a
crowded environment. Since the undocked TL-TLR conformation is less compact than the
transition state, kdock Would be predicted to increase under crowded conditions, in essence by
lowering the free energy transition state barrier for docking. Conversely, the more compact

folded state experiences a greater crowding-mediated stabilization with respect to the transition
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state, thus yielding the observed crowding induced decrease in Kundock. TO SUMmMmarize, the rate
constant changes induced by PEG 3k and DME are in already in good qualitative agreement with
theoretical predictions of crowding on the folding kinetics. Of particular relevance, the larger
shift for both docking/undocking rate constants with DME vs PEG 3k under constant w%
conditions is consistent with the greater stabilization effects noted from equilibrium analysis,
once again indicating the presence of stronger effects for smaller molecular crowders (i.e., DME
vs PEG 3Kk).
6.4.2 Predominantly entropic stabilization confirmed by temperature dependence

The thermodynamic origin of PEG and DME crowding can be specified in greater detail
by temperature dependent folding measurements, which permit the free energies to be broken
down into enthalpic and entropic contributions. As a first example, we probe the effects of
crowding on the overall equilibrium Keq as a function of temperature. The free energy change for
TL-TLR docking, AG® (AG® = AG%ock — AG%undock) can be readily obtained from AG® = -RT
In[Keq], where R is the gas constant and T is temperature in Kelvin. These free energies can be
further deconstructed into overall entropic (-TAS®) and enthalpic (AH®) contributions by
conventional van’t Hoff analysis at the single molecule level.

AGS AS© AHO
In Keq = —% = = ~ ®T (Eq 61)

As demonstrated by sample data in Figure 6.4, a standard van’t Hoff plot of In[Keq] vs. 1/T
yields excellent straight line fits for each set of crowding conditions, with fitted slopes and
intercepts corresponding to (-AH®)/R and AS%R, respectively. These lines are parallel within
experimental uncertainty, implying that A(AH®) ~ 0 and therefore the overall TL-TLR docking
enthalpies are only minimally perturbed by both PEG 3k and DME molecular crowders. By way

of contrast, the vertical offsets in these linear fits are strongly concentration- and molecular
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crowder species-dependent, which unambiguously indicate that crowding of the TL-TLR
docking event is predominantly driven by entropy (A(-TAS?) < 0), though to dramatically
different extents for PEG and DME crowders. These results confirm earlier observations that
PEG crowding promotes RNA folding predominantly through entropic stabilization effects, with
essentially negligible enthalpic contributions.'® 1> 47 It is worth stressing that the predominance
of entropy on these free energies is entirely consistent with molecular crowding arising from
simple excluded volume (non-enthalpic) interactions,** which would predict a purely entropic

origin.
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Figure 6.4 Temperature dependence of TL-TLR docking presented in van’t Hoff plots at elevating
(A) PEG 3k and (B) DME concentrations. Error bars represent 1o standard deviation of the mean.
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Quantitative thermodynamic results from the above van’t Hoff analyses are summarized
in Table I, which indicate a strongly exothermic yet entropically penalized folding event. The
exothermicity of RNA folding arises from the non-canonical hydrogen bond formations and base
stacking during the docking process*. The standard enthalpy changes (AH®) reported in Table |
are indistinguishable for dilute buffer vs. crowded solutions, again reinforcing the evidence for
minimum differential enthalpic interactions between RNA with either PEG 3k or DME
molecular solutes. Additionally, reliable predictions of the standard entropy changes (AS°) can
be achieved by simply requiring a globally fit exothermicity (A(AH®) = 0), as summarized in the
final column values for AS®. The fact that AS® is strongly negative in both the presence and
absence of crowders, can be readily attributed to the presence of more highly organized loop and
bulge configurations in the docked state. As more clearly indicated in Table I, however, this
value of AS increases systematically (A(AS®) > 0) with crowding agents, indicating that docking
of the TL-TLR is promoted by PEG and DME by a reduction in entropic penalty (A(-T (AS?)) <

0) for folding. This conclusion is made more quantitatively by the final column of constrained

AHC (kcal/mol)  AS? (kcal/mol/K) = AHC (kcal/mol)* AS°
(kcal/mol/K)*
No crowder -34.6 (9) -118 (3) -34.5 (5) -117.7 (17)
PEG 2.5 W% -34.4.(7) -117 (3) -34.5 (5) -116.6 (17)
PEG 5.0 W% -34.8 (20) -116 (8) -34.5 (5) -115.4 (17)
PEG 7.5 W% -34.4 (10) -114 (4) -34.5 (5) -114.1 (17)
DME 2.5 w% -34.5 (14) -116 (5) -34.5 (5) -115.6 (17)
DME 5.0 w% -34.3 (9) -113 (3) -34.5 (5) -113.5 (17)

Table 6.1 Thermodynamic parameters obtained from the van’t Hoff analysis. *from global fit
results.
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fits to the entropy, which reveals a systematic and indeed approximately linear dependence on
crowder w%/concentration. At least over the accessible dynamic range of 1/T probed, the results
are in excellent agreement with the assertion that the mechanism of free energy stabilization of
RNA tertiary folding events due to PEG and DME is predominantly entropic in nature, again
consistent with a simple picture of molecular crowding without significant impacts due to
differential enthalpies.
6.4.3 Stabilization free energies are greater for smaller molecular crowders

The distribution of solute sizes in cells is exceptionally broad, ranging from simple
atomic ions, to moderately sized molecular metabolites, to larger macromolecules such as
proteins and nucleic acids.® As a result, knowledge of the scaling dependence on crowder size is
particularly crucial for any predictive understanding of cellular crowding. The previous sections
have demonstrated that the effects of both i) polymer PEG 3k and its constituent subunit ii) DME
on the kinetics and thermodynamics of TL-TLR folding are consistent with a simple physical
picture of entropic crowding. In this next section, we explore the size dependence of such
crowding phenomena over a wide range of molecular weights (MW), with 6 species between
MW =90 amu to MW = 3000 amu and as a function of crowder concentration. Moreover, the
experimental conditions have been carefully restricted to a dilute regime where individual
crowder molecules are diffusing independently (i.e., concentrations below which the polymer
chains start to entangle),*® and yet effects are still sufficiently pronounced to unambiguously
reflect size dependence on the crowding species. By convention, we look for changes in the
overall AG® (AAG® = AG%rowded — AGUsilute) as @ measure of crowding stabilization on the TL-

TLR tertiary structure, with size dependence of the results summarized in Figure 6.5A.
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There are several notable features immediately visible in Figure 6.5A. First of all, for
each crowder size, the stabilization free energy increases monotonically with increasing
concentration, with a more nearly linear dependence observed at low molecular weight. Such an
approximately linear dependence on concentration is mainly due to reduction in accessible
volume and is directly proportional to the number density of crowders. We note that such a direct
proportionality between AAG® and solute concentration is also quite commonly observed in
several RNA-solute systems with preferential interactions (i.e., nonzero AH?).2% %8 For the data at
hand, however, the case of such additional complicating contributions have been excluded by
parallelism in the van’t Hoff slopes exhibited in the temperature dependent analyses seen in
Figure 6.4. Secondly, this free energy stabilization monotonically increases as a function of
decreasing crowder size (i.e. AAG® becomes less negative), indicating the presence of stronger
crowding effects for smaller molecular weight crowders at the same w%. Such an inverse
dependence on crowder size is in excellent qualitative agreement with theoretical predictions
from molecular dynamics simulations.?%-22 2

We can take this crowding analysis further in the context of a simple polymer model.
Specifically, the scaling between PEG radius of gyration, Rg, and molecular weight (MW) in
aqueous solution has been experimentally found to be approximately Rqg ~ MW" with v = 0.58.1¢
%9 The fact that this exponent is higher/faster than simple hard sphere scaling (vus = 1/3) implies
that larger PEG crowders take up more volume than smaller PEGs under constant w%
concentrations, whereas it is the smaller molecular weight crowders that promote RNA folding
more efficiently, as the above studies have surprisingly revealed. These results highlight the
important scaling synergy between number density and crowder size in crowding phenomena,

which we will explore in greater detail in the discussion section. Furthermore, this dependence of
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AAGP on crowder molecular weight is particularly sensitive in the low MW regime, as evident in
Figure 6.5, with such crowding effects on free energy growing less sensitive to crowder
concentration with increasing PEG molecular weight. Finally, these observations of enhanced
crowding of nucleic acid folding as a function of decreasing molecular weight is one again

qualitatively consistent with several previous theoretical predictions.?0-2% 2°
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Figure 6.5 Crowder size dependence well described by the depletion force model. (A) Crowding
stabilization effects as a function of crowder size at a series of w% concentrations. (B) Schematic
representation of depletion force promoting TL-TLR folding. Error bars represent 1o standard
deviation of the mean. Solid lines represent fits to the depletion force model (see text for details).

6.5  Discussion

The depletion force and its intimate dependence on excluded volume is one of the most
fundamental interactions in biology, becoming especially important in studies of biomolecular
folding®’-38 %, From a hard sphere perspective, such depletion forces arise from a very simple

guiding principle: solute molecules of a given size (d) cannot intervene between two folding
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motifs coming into contact when the separation (I) becomes less than or equal to d. This
generates a differential force pushing the two folding motifs together for | <d. A simple
thermodynamic interpretation of this depletion force is that it reflects the osmotic pressure
difference created by an uneven distribution of solutes on all sides of the folding motifs of
interest. In the limit of a net zero enthalpic differential between solute/biomolecule and
solute/solute interactions, such free energy crowding effects are predicted to be purely entropic,

as indicated by the van’t Hoff plots in Figure 6.4.

In a solution of a single spherical solute species of radius r, the center of a solute is
excluded from the surface of any object by a distance r to avoid overlap. Such a solute
inaccessible region is sometimes known as the depletion zone®!, with the volume directly
proportional to the product of the total surface area of the object and the radius of the solute.
Such depletion volume can be reduced by decreasing solvent/solute exposed surface area to
maximize the system entropy. From an osmotic pressure point of view®" *°, when two parallel
plates are placed far apart in the solution, each plate creates a depletion zone of thickness r
equivalent to the solute radius right above the surfaces. As they are brought closer to
approximately < 2r away from each other, excluded volume requires that the space between the
two plates contain no solute molecules, creating a depletion zone with zero osmotic pressure. For
any nonzero osmotic pressure outside this depletion zone, the two plates will then be pushed into
contact due to imbalance in the force. The net result is a reduction in the depletion zone by
AVgepi = 201, Where o is the contact surface area. Since the depletion force increases the volume
available for the solute to sample, it entropically favors the contacted vs separated states, for
which the additional free energy of stabilization can be simply evaluated as AAGaepl® = -Posm

AV depl, Where Posm is the osmotic pressure of the bulk solute®”.
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In the present work, folding of TL-TLR RNA forms a docking interface by bringing two
spatially separate RNA motifs (tetraloop and tetraloop receptor) into contact. Moreover,
crowding conditions in this study are chosen such that crowder solute molecules are freely
diffusing in solutions and can be approximated by hydrated spheres with an isotropic monomer
distribution.® In the framework of a depletion force model, the total reduction in depletion
volume due to TL-TLR folding is therefore AVaep = 26R, where o is the contact area between
tetraloop and tetraloop receptor and R is the radius of crowder. For PEG and PEG-like polymer
molecules, this distance R is often approximated by the radius of gyration (Rg)>! Specifically,
there is a well-established empirical scaling relation between molecular weight (MW) and radius
of gyration given by Rq = b(MW)", with parameters b = 0.23 A/(g/mol)* and v = 0.58
experimentally determined for aqueous PEG solutions* to recapitulate the MW dependence of
Ry between 60 to 10k amu.'® Note that the close proximity of v ~ 0.58 to 0.50 implies that PEG
behaves in aqueous solution approximately like a diffusive random walk (wsitt = 1/2), with the
v — vditt & 0.08 differential reflecting contributions due to self-avoidance (vseit-avoia = 0.6 for a self-
avoiding walk polymer model®?%). Furthermore, the fact that v ~ 0.58 considerably exceeds 0.33
indicates that the PEG molecules are highly hydrated and expand in size with increasing MW
faster than predicted from a simple compact hard sphere model (Vharda sph = 1/3). Indeed, it is
conjectured that this strong hydration sphere is what is responsible for the enthalpic inertness of
PEG with RNA (A(AH®) = 0)%*%5 and thus prospects for primarily entropic (A(AS®) > 0) excluded
volume contributions to the free energy. Finally, for relatively dilute PEG solutions, we can take
osmotic pressures to be well approximated by Pesm = NRT >, where n is the crowder number
density (in # solute particles/volume). In this limit, the depletion force contribution to the TL-

TLR folding free energy can be expressed as
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AAG'gepl == PosmAVdepl

= —(nRT)(20Ry)

= —(W%—— RT) (20b(MW)")

MW

= —(w%)(20pbRT) (MW)¥~? (Eq. 6.2)

where n = I‘:;—:/l"/p is the solute number density required to interconvert between mass density (p)

and weight percent (w%), the concentration unit most commonly used in crowding studies.'*2
In Eq. 6.2, the solutions are still dilute enough to approximate the mass density to be p ~ 1.0
(g/cmd) for all crowder conditions reported in the present work.>” With b, v experimentally
determined, Eq (2) represents a simple analytic model for predicting the depletion force
contribution to crowding stabilization free energies, with the active area (o) as the only free
parameter.

As will become clear from fits to the data in Figure 6.5, Eq. 6.2 does not capture the
complete story. Specifically, due to residual uncertainties in the experimentally measured AH®
values, we cannot definitively rule out the possibility of additional small differential interactions
between the TL-TLR construct and PEG and DME crowders. However, since the solute effects
on biomolecular folding free energies are empirically found to exhibit a simple proportionality
between AAGP and solute concentration?® %8, we can therefore modify Eq. 6.2 by including an
additive linear term in our model to correct for any additional solute induced free energy shifts
(AAG) beyond that from purely entropic crowding, i.e.

AAGY,, = m(w%). (Eq. 6.3)
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In Eq. 6.3, this multiplicative factor (m) can be readily interpreted as the m-value commonly
utilized to characterize the strength of solute interactions per unit concentration®® 8, in units of
kcal/mol/w%. To include all contributions to the PEG crowder interaction, the depletion force
model for the overall differential free energy change (A(AG?)) is therefore simply expressed as
the sum of the direct solute-RNA interaction free energy and depletion force contributions:

sol

AAG® = AAGZ, + AAGGey
= (W%)[(m — 20pbRT(MW)?V"1)]. (Eq. 6.4)

From Eg. 6.4, the only molecular weight (MW) dependent contribution to these stabilization free
energies arises from the depletion force entropies, with a much smaller but finite global
dependence of the solute interaction on w% of crowder. Most importantly, since the exponent v-
1 =-0.42 <0, this simple analytic expression does make the successful prediction of
progressively stronger stabilization free energy effects for smaller molecular crowders under
constant w% conditions, as theoretically predicted from molecular dynamics simulations.?0-22 25

For further testing this simple analytical model, we have explored crowding of the TL-
TLR folding interaction for a systematic series of PEG molecular weight values ranging from 90
to 3000 amu with the corresponding experimentally observed differential changes in free energy
plotted versus MW in Figure 6.5A. The experimental data clearly indicate a downward curvature
in AAG? as a function of lower molecular weight crowders, in excellent qualitative agreement
with Eq. 6.4. Furthermore, we have repeated these crowding studies over a systematic series of
w% values (2.5% to 10%), which indicate a systematic decrease in the AAGP differential free
energies with increasing w% over the experimentally explored range of 2.5% to 10% for each
MW crowder. In addition, we have performed global least squares fits of Eq. 6.4 to the

experimental results as a function of both w% and molecular weight (MW) of the PEG crowding
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species. The results of these fits are shown as solid lines in Figure 6.5A and represent a
quantitatively accurate characterization of the data over a remarkably wide range of molecular
crowder sizes and concentrations. By globally fitting the depletion force model to the size
dependence data with only two free parameters, ¢ (contact area of TL-TLR folding) and m
(strength of solute interactions), it successfully captures all experimental trends in the MW and
w% dependence of the crowding effect. Finally, the surface area for TL-TLR folding is
determined from these fit to be o = 447(30) A%, which is in excellent agreement with the actual
size of the TL-TLR docking site (~ 500 A?) estimated from x-ray crystal structural studies.'* *

Similarly, these same least squares fits also predict the AAG%o dependence on w% (“m-
value”) to be m ~ — 0.081(5) kcal/mol per w%. This is small enough that even at the highest w%
values explored, the least squares fitted m-value would correspond to AAG%o = -0.81 kcal/mol
(10 w%). This is clearly non-zero and implies a relatively small but non-negligible differential
solute interaction between PEG and TL-TLR, but well within the experimental uncertainties
reported in Table 6.1. By way of establishing a more quantitative context, such small PEG solute
free energy effects on the TL-TLR construct are some 1 to 2 orders of magnitudes lower than for
urea (+4.2 kcal/mol per w%) and TMAO (Trimethylamine N-oxide; -6.4 kcal/mol per w%)>?®,
two well-studied osmolytes that influence RNA folding. Despite such nonzero solute effects, the
model clear demonstrates that fundamental excluded volume and crowding effects dominate the
size dependent thermodynamic stabilization of the RNA by PEG. In summary, the excellent least
squares agreement in fits of the experimental data to our theoretical model predictions (Eq. 6.4)
drives home the two key points. Specifically, i) there is a clear molecular size dependence to the
effect of crowding on formation of a ubiquitous RNA tertiary finding motif, and ii) these

crowding studies confirm long standing theoretical predictions?®-?2 2> that under constant w%
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conditions, smaller molecular weight crowders exert a stronger impact on free energy

stabilization for the folded species.

6.6  Summary and conclusion

The effects of size dependent molecular crowding on the folding of a model RNA tertiary
interaction have been studied in detail at the single molecule level. Crowding by the small
molecule PEG subunit such as dimethoxy ethane (DME) is found to promote TL-TLR docking
more significantly than the much larger macromolecular crowder PEG 3k. Both the observed
kinetic increase in Kdock and decrease in Kundock With crowder concentration are successfully
predicted from transition state theory,*>¢ as well as provides simple physical pictures of the
crowding phenomena. The predominant role of entropy in the free energy stabilization of folding
is revealed by detailed temperature dependent study of the equilibrium constants, which identify
the excluded volume and depletion forces as the primary source of crowding interactions
between RNA and PEG/DME. Our results provide unambiguous evidence for the greater impact
on RNA conformational stability by smaller vs larger molecular crowders under constant w%
concentration conditions, in agreement with theoretical predictions from molecular dynamics
simulations.?%-? 25 The size dependence of these crowding effects on RNA folding has been
further investigated by systematic study of crowders over a wide range of molecular weights
(MW) and solute concentrations (w%). Of particular importance, these stabilization free energy
effects are found to increase with decreasing crowder MW, indicating such crowding effects to
be increasingly sensitive to crowder size in the low molecular weight regime. The work

highlights the important role that relatively small solutes (e.g., inorganic ions, amino acids, and
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various metabolites) may play in intracellular crowding, whose contributions appear to have

been largely neglected to date.
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Chapter 7
The Effects of Molecular Crowders on Single Molecule Nucleic Acid Folding: Temperature

Dependent Studies Reveal True Crowding vs. Enthalpic Interactions

7.1 Abstract

Biomolecular folding in cells can be strongly influenced by spatial overlap/excluded
volume interactions (i.e., “crowding”) with intracellular solute. As a result, traditional in vitro
experiments with dilute buffers may not accurately recapitulate biomolecule folding behavior in
vivo. In order to account for such ubiquitous excluded volume effects, biologically inert
polyethylene glycols (PEG) and polysaccharides (dextran, Ficoll) are often used as in vitro
crowding agents to mimic in vivo crowding conditions, with a common observation that high
concentrations of these polymers stabilize the more compact biomolecule conformation.
However, such an analysis can be distorted by differences in polymer interactions with the
folded vs. unfolded conformers, requiring temperature dependent analysis of the
thermodynamics to reliably assess competing enthalpic vs. entropic contributions and thus the
explicit role of excluded volume. In this work, temperature-controlled single molecule
fluorescence resonance energy transfer (SmFRET) is used to characterize the thermodynamic
interaction between nucleic acids and common polymer crowders PEG, dextran and Ficoll. The
results reveal that PEG promotes secondary and tertiary nucleic acid folding by simultaneously
increasing the folding rate while decreasing the unfolding rate, with temperature dependent

studies confirming that the source of PEG stabilization is predominantly entropic and consistent

*This chapter is adapted from: Sung, H.-L.; Nesbitt, D. J. Effects of Molecular Crowders on Single-Molecule
Nucleic Acid Folding: Temperature-Dependent Studies Reveal True Crowding vs Enthalpic Interactions. J.
Phys. Chem. B 2021, 125, 13147-13157.
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with a true excluded volume crowding mechanism. By way of contrast, neither dextran nor Ficoll
induce any significant concentration dependent change in nucleic acid folding stability at room
temperature, but instead, stabilization effects gradually appear with temperature increase. Such a
thermal response indicates that both folding enthalpies as well as entropies are impacted by
dextran and Ficoll. A detailed thermodynamic analysis of the kinetics suggests that, instead of
true entropic molecular crowding, dextran and Ficoll associate preferentially with the unfolded
vs folded nucleic acid conformer as a result of larger solvent accessible surface area (SASA),

thereby skewing the free energy landscapes through both entropic/enthalpic contributions.

7.2 Introduction

The cell is an extremely crowded environment, with 20% of the mass taken up by various
organic and biopolymer solutes such as proteins, nucleic acids, and small molecule metabolites.!”
2 This raises the real likelihood that biomolecules in vivo function differently from the in vitro
behavior traditionally observed in biochemical assays under dilute buffer conditions.®* Correct
assessment of the impact of each solute species on biomolecular structure and function is
extremely challenging to quantify, particularly under such highly concentrated, non-ideal
solution conditions. However, these solutes do share one simplifying contribution in common:
they all take up physical space in solution and therefore impose fundamental steric constraints on
the biomolecule widely known as excluded volume interactions.>® Simply stated, the presence of
excess solute reduces the space available for a specific biomolecule to sample; as a result, the
biomolecule is driven into a more compact configuration to maximize the accessible microstates

for the overall biomolecule + solvent system.® In other words, excluded volume effects are
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predicted to entropically promote biomolecule folding/compaction, with this critical yet

ubiquitous stabilization mechanism commonly referred to as “molecular crowding”.”®

Experimentally, the effects of cellular crowding are often studied by adding polymeric
macromolecules such as polyethylene glycol (PEG) or polysaccharides such as dextran and
Ficoll into the buffers.>*2 Such polymers have been shown to resist protein adhesion and are
believed to be biologically inert.234 They are thus often referred to as “crowders” due to the
possible predominance of these excluded volume (entropic) effects over other (enthalpic)
chemical interactions.’> " Indeed, in the presence of these crowders, enhanced biomolecular
folding has often been observed, qualitatively consistent with predictions of excluded volume
energetically favoring the more compact state.*® Furthermore, early temperature dependent
studies of dextran stabilized lysozyme folding have revealed that the melting transition
temperatures (Tm) increase predominantly due to entropic interactions with dextran and yet with
essentially negligible enthalpic contributions.® It is this predominance of entropic stabilization
that is a robust and distinctive feature of the excluded volume mechanism and the resulting
molecular crowding effects. Identification of crowding effects arising solely through entropic
contributions with inert polymers has since been demonstrated for both proteins and nucleic

acids, requiring detailed thermodynamic investigations as a function of variable temperature.6-1":

19-21

In intriguing contrast with these early crowding studies, more recent results have
suggested that both PEG and polysaccharide crowders may also influence the net folding
enthalpies for certain protein systems.?>?® Indeed, it is not particularly surprising that such
molecules could exhibit differential chemical interactions with folded vs unfolded biomolecules

above and beyond simple excluded volume interactions. These studies highlight the simple fact
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that chemical interactions can depend significantly on both structure/charge state of the
biomolecule and the presence of specific moieties on the crowding polymer species.® It is worth
noting that most of these previous thermodynamic studies have focused on folding/unfolding in
proteins, with characterization of the corresponding molecular crowding effects with nucleic

acids still very much in its infancy.?5-28

To address this informational lacuna, we explore herein the effects of the most commonly
used polymeric molecular crowders (i.e., PEG, dextran, and Ficoll) on both secondary and

tertiary structures of nucleic acid constructs by temperature-controlled single molecule FRET
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Figure 7.1 Sample smFRET experiment data. (A) Cartoon depiction of DNA hairpin secondary
structure folding and (B) the resulting time-resolved single-molecule fluorescent signal from the
donor, Cy3 (green) and acceptor, Cy5 (red). (C) Sample time-dependent Errer trajectories (blue)
and the simulated time trace by the simple thresholding method (orange); (D) The corresponding
dwell time distribution functions of the folded and unfolded conformations with (from top to
bottom) 0 w% crowder, 7.5 w% dextran, and 7.5 w% PEG. Data are fit to a single exponential
decay function to obtain the rate constants Kroia/Kunfoid, With uncertainties evaluated from the fits.
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spectroscopy (SMFRET).2%%0 In this work, the folding/unfolding equilibria and kinetics are
revealed at the single molecule level, with deconstruction of free energies into enthalpic and
entropic components extracted from temperature-dependent crowding studies. The studies indeed
reveal PEG stabilization of nucleic acid folded structures to be predominantly entropic,
consistent with the simple picture of pure crowding dynamics originating from excluded volume
effects.'®1” More surprisingly, however, we find that the commonly used polysaccharide
crowders dextran and Ficoll do not significantly impact either folding/unfolding kinetics or
thermodynamic stability of nucleic acids, at least at room temperature. Interestingly, however,
temperature dependent studies reveal this lack of crowding impact to be due to accidental
cancellation between folding enthalpy (AH) and entropy (-TAS) contributions at room
temperature, where additional changes in the enthalpy result from the preferential binding of the
polysaccharide molecules to the more solvent exposed unfolded conformation of the nucleic

acid.

7.3  Experiment
7.3.1 Nucleic acid constructs and sample preparation

In order to study molecular crowding interaction on nucleic acids as a function of
secondary vs. tertiary structure, we exploit a simple DNA hairpin (Figure 7.1) and the ubiquitous
RNA tetraloop-tetraloop receptor tertiary folding domain (TL-TLR, Figure 7.2) as model
systems, respectively. The DNA hairpin (with a 7 complimentary base pair stem and a 40 dA

linker, see Figure 7.1A) is doubly dye-labeled (Cy3, Cy5), biotinylated for binding to a cover
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slip surface, purchased in HPLC purified form (Integrated DNA technologies, Coralville, 1A),
and used as is.313? The ternary TL-TLR construct comprises three smaller oligonucleotides, each
singly-labeled with Cy3, Cyb5, or biotin (Integrated DNA technologies, Coralville, 1A), as
described in detail elsewhere.® The full ternary construct is then prepared by heat-annealing the

three oligomers together, followed by purification via high-performance liquid chromatography

(HPLC).
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Figure 7.2 Sample smFRET experiment data. (A) Cartoon depiction of TL-TLR tertiary structure
folding and (B) the resulting time-resolved single-molecule fluorescent signal from the donor, Cy3
(green) and acceptor, Cy5 (red). (C) Sample time-dependent Erret trajectories (blue) and the
simulated time trace by the simple thresholding method (orange); (D) The corresponding dwell
time distribution functions of the folded and unfolded conformations with (from top to bottom) 0
w% crowder, 7.5 w% dextran, and 7.5 w% PEG. Data are fit to a single exponential decay function
to obtain the rate constants kroia/Kunfoid, With uncertainties evaluated from the fits.
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The smFRET sample preparation is achieved by first coating the surface of a standard
glass coverslip with an excess bovine serum albumin (BSA) and biotinylated BSA mixture,
followed by incubation with streptavidin solution to generate a streptavidin-decorated surface
with suitable surface densities. The resulting secondary and tertiary nucleic acid constructs are
then immobilized on the surface of the coverslip through the highly stable biotin-streptavidin
interactions, which permits prolonged observation of the folding/unfolding kinetics under single
molecule conditions over several minutes to fractions of an hour. The SmMFRET imaging buffer
consists of (i) 50 mM HEPES-KOH buffer (pH = 7.5), (ii) NaCl to provide background
monovalent cation concentrations of [M*] = 100 or 150 mM for hairpin or TL-TLR construct,
respectively, (iii) an enzymatic oxygen scavenger cocktail (PCD/PCA/Trolox) to increase
fluorophore photostability,3* and (iv) polymeric crowders PEG 6k, dextran 6k (MW = 6,000

amu), or Ficoll PM70 (MW = 70,000 amu), to achieve the desired concentration conditions.

7.3.2 Single-Molecule FRET spectroscopy and temperature control

The smFRET experiment in this work is performed with a home-built confocal
microscope system, based on a pulsed 532 nm Nd:YAG laser, collimated and directed onto the
sample through an inverted confocal microscope. The beam is tightly focused into a diffraction
limited spot by a 1.2 N.A. water immersion objective, achieving A/(2NA) = 220 nm spatial
resolution and allowing observation of one fluorophore-labeled construct at a time. The resulting
emitted signal fluorescence is then collected through the same objective, with photons split into
four different channels corresponding to red vs. green, horizontal vs. vertical polarizations before
detection on four separate avalanche photon diodes (APD). For each detected photon, four bits of

information: color, polarization, wall-clock time (in 50 ns bins), and microtime (with respect to
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the laser pulse in 50 ps resolution) are recorded with fast time to amplitude conversion and/or
time-correlated single-photon counting modules. In this work, we average over polarization
effects by simply grouping all green (donor Cy3) and red (acceptor Cy5) photons to calculate

FRET efficiency (ErreT) as a function of time and thereby obtain the resulting Erret trajectories.

To achieve precise temperature control, the sample and the microscope objective are
heated simultaneously to minimize thermal gradients.3*” Specifically, the sample holder is
mounted to a thermal stage (Instec, Boulder, CO) which regulates the sample temperature by
servo loop controlled heating and cooling. At the same time, the objective is heated by a
commercially available resistive collar (Bioptechs, Butler, PA). Prior to each experiment, a 15

min incubation time is allowed to achieve steady sample temperature (+ 0.1 °C).

7.3.3 Single molecule FRET data analysis

We calculate the background and cross-talk corrected FRET energy transfer efficiency
Erret (Errer = Ia/ (Ip + 14)) at 10 ms bin time resolution to generate the time dependent Erret
trajectories. Due to widely separated Errer values for folded (high Erret) and unfolded (low
Errer) conformations (Figure 7.1C and 7.2C), a simple thresholding routine is adopted to
determine the folding/unfolding states as well as the corresponding dwell time distributions. 3> 3
The folding equilibrium constant Keq can be readily obtained by the ratios of total dwell times for
the folded and unfolded states. Furthermore, our Kinetic analysis is achieved by generating
cumulative distribution functions of the dwell times for each state (see Figure 7.1D and 7.2D for
sample data). For both constructs, the resulting folded/unfolded dwell time distributions P(t) are

well fit to single exponential decay functions to extract rate constants Kunfoid/Kroid, respectively,
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confirming that the folding/unfolding processes can be satisfactorily characterized by first order

kinetics.%®
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Figure 7.3 Crowder effects on DNA hairpin folding at constant room temperature (21 °C).
Crowder concentration dependence of (A) Keg, (B) kfoig, and (C) Kunfoia. Error bars represent
standard deviation of the mean (N = 3). Data are fit to a single exponential function based on the
empirical observation of solute effects on the free energy change upon folding (see text for more
details).

7.4 Results and analysis

7.4.1 Crowder effects on the DNA hairpin secondary folding Kinetics
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Folding of the 7-base pair DNA hairpin involves formation of secondary double helix
structure essential for nucleic acid function. Its unimolecular design simplicity and easily tunable
folding/unfolding rates make this an ideal model system for exploring nucleic acid secondary
folding through single-molecule kinetic studies (Figure 7.1A).38 4041 Herein, we explore the
effects of three polymer crowders widely used in crowding studies: PEG, dextran, and Ficoll.
These species have been consistently shown to stabilize the folded conformation of
biomolecules,®*2 primarily proteins, although the thermodynamic origin of this stabilization still

remains debatable and probably structure-dependent.*®

In the absence of crowders, the secondary folding equilibria of the DNA hairpin construct
are adjusted by NaCl in the buffer to achieve Keq = 1 conditions (at room temperature 21.0 = 0.2
°C), in order to permit maximum dynamic range in AKeq for shifts in either the folded or
unfolded directions (Figure 7.1). In the presence of PEG (MW = 6,000 amu), the folding
equilibrium Keq is greatly enhanced, with a nearly 20-fold increase at the maximal PEG
concentrations (10% by weight, or 10 w%) in this study (Figure 7.3A). Conversely, both
polysaccharide crowders clearly exhibit much smaller effects, with only a 20% and 50% increase
in Keq for 10 w9% dextran (MW = 6,000 amu) and Ficoll (MW = 70,000 amu), respectively.
Furthermore, complementary kinetic information on folding/unfolding rate constants can be
obtained by dwell time analysis of the single molecule Errer trajectories (Figure 7.1C and 7.1D).
As clearly evident in Figure 7.3, PEG promotes the DNA hairpin folding by simultaneously
increasing kroid and decreasing Kunfold. Indeed, this effect is particularly significant for Kroiq, which
exhibits an order of magnitude increase with 10 w% PEG, with a relatively smaller but still quite

noticeable 2-fold reduction observed for kunfoid. By way of contrast, similar w% concentrations of
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the polysaccharide dextran and Ficoll increase kroq, by a relatively small amount (< 60%), with

only negligible effects on kunfoid (< 10%) within experimental uncertainty.
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Figure 7.4 Crowder effects on RNA TL-TLR folding at constant room temperature (21 °C).
Crowder concentration dependence of (A) Keg, (B) kfoia and (C) kunfoi. Error bars represent
standard deviation of the mean (N = 3). Data are fit to a single exponential function based on the
empirical observation of solute effects on the free energy change upon folding (see text for details).

7.4.2 Crowder effects on the RNA TL-TLR tertiary folding Kinetics

TL-TLR is a ubiquitous folding element that is widely found in RNA tertiary structures

(Figure 7.2A).% It has been extensively studied at the single molecule level® and its
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kinetic/thermodynamic responses to PEG are found to be consistent with crowding effects
reported in previous studies.’”*® Again by way of contrast, the potential crowding effects of
dextran and Ficoll on such a common tertiary RNA folding motif have remained largely

unexplored.

As a function of increasing concentration, PEG significantly promotes TL-TLR folding,
with a more than 6-fold increase in Keq at 10 w%, whereas dextran and Ficoll induce only much
smaller increases in Keq (< 50%, Figure 7.4A), very much consistent with the DNA hairpin
results. Furthermore, Kinetic analysis of the SmFRET trajectories indicates Ksoid for the TL-TLR
to increase exponentially with PEG concentration, but remain surprisingly constant (< 20%) in
response to dextran and Ficoll (Figure 7.3B). Interestingly, Kunfold for the TL-TLR construct is
reduced comparably by all three crowders (Figure 7.3C), although the impact of PEG crowding
is still the largest. It is also worth noting that the putative crowding dependences of Keq and
Kfola/Kunfod are well-fit (dashed lines in Figure 7.3 and 7.4) to exponential growth/decay functions,
which would be entirely consistent with empirically observed linear relationships between
folding free energy changes (AAG) and solute concentration.***® Specifically, the strength of the
solute interaction is often characterized by the so-called m-value,*¢-* which corresponds to
exponents in exponential growth/decay fits of the concentration-dependent Keq in Figure 7.3A
and 7.4A. In the interest of completeness, the corresponding m-values of the crowder-TL-TLR
interaction can be least squares fitted and found to be -0.115(6), -0.015(2) and -0.023(4) kcal
mol™* w% for PEG, dextran and Ficoll, respectively. The m-value from PEG concentration
dependence is therefore > 5 times larger than dextran/Ficoll, again highlighting the fact that the

TL-TLR folding free energy is much more sensitive to PEG crowding. A similar crowder
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concentration dependence is also observed for the DNA hairpin, with m-values for PEG, dextran

and Ficoll determined to be -0.141(8), -0.005(6) and -0.027(4) kcal mol™* w%?, respectively.

Our results indicate that PEG promotes both nucleic acid secondary and tertiary folding
by simultaneously increasing Kroig and decreasing Kunfold. However, the polysaccharide crowders,
dextran and Ficoll show little to no effect on both nucleic acid folding equilibria and kinetics, i.e.
corresponding to AAG ~ 0. This is already substantially different from results of several previous
protein folding studies, where the prominent stabilization effects were observed and often
attributed to crowding.® It is worth noting that the above differential results for the impact of
dextran or Ficoll on nucleic acid folding could reflect two quite different scenarios. It could be
that there is vanishingly small differential interaction enthalpy (AAH® ~ 0) between the solutes
and the folded or unfolded biomolecule, in which case the observed AAG® ~ 0 would translate
into AAS? ~ 0 and therefore no entropic crowding. However, AAG® ~ 0 could also reflect the
coincidental balance between competing enthalpic and entropic contributions at a single
temperature. Thus, an unambiguous determination of whether dextran and Ficoll have only
minimal differential interactions with our folded/unfolded nucleic acid constructs requires
additional van’t Hoff and Arrhenius investigation of the temperature dependent equilibrium and

kinetic behavior, as described below.
7.4.3 Crowding effects on DNA secondary structure folding thermodynamics

Conventional modelling of “pure” molecular crowding dynamics based on hard sphere excluded
volume considerations explicitly ignores any chemical interactions between the crowder and the

crowded species. As a result, such crowding dynamics automatically satisfy A(AH®) =~ 0 (where
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Figure 7.5 van’t Hoff plot for the temperature dependent Keq 0f the DNA hairpin construct at
constant crowder concentrations (0 or 7.5 w%). Least squares fits of the data to Eq. 7.1 yield
changes in overall enthalpies (AH®) and entropies (AS°).

the second A reflects the differential presence/absence of crowder) and should ideally contribute
only entropically (AAS? > 0) to the overall folding free energy.> *"*® Herein we explore the
temperature dependent response of nucleic acid folding to identify the thermodynamics of the
solute-biomolecule crowder interactions. Specifically, van’t Hoff analysis allows deconstruction

of the folding free energies into entropy and enthalpy components via:

AG® AHC 1 ASO
ll’l(Keq) :_EZ_T¥+T' Eq 7.1
From a standard In(Keq) vs 1/T van’t Hoff plot (e.g., see Figure 7.5), the slope and intercept
permit independent quantitation of enthalpic (-AH%/R) and entropic (AS%/R) changes upon

folding, respectively, which can be studied in the absence/presence of crowding agents.

In the absence of crowders, the DNA hairpin becomes less stable and unfolds with
increasing temperature, consistent with temperature-induced melting/denaturation routinely

observed for nucleic acid secondary structure.*® Moreover, the linear van’t Hoff plot reveals a



178

>
IS

No crowder
PEG . Ficgll

No crowder
1T PEG

In(kunfold)

[ Ficoll
_1 ] 1 1
0.00330 0.00334 0.00338  0.00342

11T (K1)

Figure 7.6 Eyring plot for the temperature dependent (A) Kroid and (B) Kunfola Of the DNA hairpin
construct at constant crowder concentrations (0 or 7.5 w9%). Least squares fits of the data to Eq.
7.2 yield forward/reverse activation enthalpies (AH*) and entropies (AS¥) for Krola/Kunfold.

positive slope and a negative intercept (Figure 7.5), corresponding to negative folding enthalpy
(AH® < 0) and entropy (AS° < 0) changes, respectively. Such free energy behavior agrees with
the common physical picture of folding where biomolecules are enthalpically driven into the
more order folded conformation.®* *° The presence of PEG vertically translates the linear fit
upward with respect to zero-crowder conditions, suggesting a decrease in entropic penalty (AAS®
> 0) with essentially unchanged enthalpic gain (AAH® = 0). Such predominantly entropic
stabilization is of course consistent with crowding effects resulting from excluded volume.> 719

By way of contrast, dextran and Ficoll clearly reveal a more complex temperature dependent
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AH® AH"* AS”™ AH?! AHM* AST*
(kcal/mol) (kcal/mol) (cal/mol/K) (kcal/mol) (kcal/mol) (cal/mol/K)

No crowder -40 (3) -40.1 (0.9) -135(2) 19.1 (1.5) 20.3 (0.6) 11 (2)
7.5 w% PEG -39.7 (1.8) -40.1 (0.9) -131(2) 21(2) 20.3(0.6) 16 (2)
7.5 w% 31(2) - -103 (9 25(2) = 29 (7
Dextran

7.5 w% -32(2) - -109 (7) 27.2(1.8) - 36 (5)
Ficoll

Table 7.1 Thermodynamic parameters of DNA hairpin folding obtained from van’t Hoff and
Eyring analyses. Asterisk (*) indicates results from global fits assuming a common slope (i.e.,
enthalpy change) between no crowder and 7.5 w% PEG data.

behavior, with a decrease in the slopes (AAH® > 0) and increase in the intercepts (AAS? > 0).
Such non-zero enthalpic contributions clearly signal additional solute-specific chemical

interactions, as well as changes in these interactions as a function of crowding environment.

In addition to these equilibrium results for Keg, the folding rate constants ksoid and Kunfold
also depend on temperature and contain equally valuable thermodynamic information. For
secondary structure in the DNA hairpin, the data reveal a dramatic increase in both kyoiq and
Kunfold rate constants at elevated temperature (see Figure 7.6), signaling a significantly
endothermic approach to the transition state from both folded/unfolded sides of the barrier.
Based on results from other single molecule studies, such an enthalpic penalty likely arises
from competition between Coulomb repulsion of the negatively charged DNA strands and the
lack of complete hydrogen bond formation in the transition state. The corresponding entropy
changes can be obtained from the more sophisticated Eyring analysis of the temperature-

dependent Krola/Kunfold from the transition state expression:5?
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AHF 1

¥
In(k) = —T;+%+1nv, Eq. 7.2

where v represents the attempt frequency sampling the free energy barrier along the folding
coordinate. From such a standard Eyring plot of Ink vs 1/T (see Figure 7.6), the slopes and
intercepts for Inkroia Or InKunfold COrrespond to the activation enthalpy (-AH*/R) and entropy
(AS*/R + Inv) from either the folded (F) or the unfolded (U) state, respectively. Since AS?
depends only weakly (logarithmically) on v, it suffices in this work to simply estimate v as a low
frequency skeletal vibration with v = 10%3 s1.2%-33 However, it is also worth noting that any
reported changes in the activation entropy (i.e., AAS*) are rigorously independent of this estimate

for v.

For the DNA hairpin, the presence or absence of PEG (red vs blue solid line, Figure 7.6)
does not change the slopes in plots of both Kroia and kunfoia., With vertical shifts again signaling
that PEG promotes secondary nucleic acid folding predominantly through “pure” crowding (i.e.,
entropic) effects. Furthermore, both the magnitude and sign of these uniform vertical
displacements in Inkfoig VS. Inkunfoid are consistent with the PEG-dependent enhancement of
folding stability observed at room temperature (Figure 7.2B and 7.2C). The polysaccharide
crowders dextran and Ficoll, on the other hand, exhibit more complex behaviors, with the data
now revealing significant changes in both slopes (AAH* > 0) and intercepts (AAS* > 0) in the
Eyring plots for kroa. Interestingly, however, these slope differences are much less evident for
the unfolding step, which is consistent with polysaccharide solute effects primarily influencing
the approach to the transition state from the unfolded conformation. Thermodynamic values
(AH?, AS°, AH¥, ASY) extracted from these plots for both PEG and polysaccharide solutes are

quantitatively summarized in Table 7.1.
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Figure 7.7 van’t Hoff plot for the temperature dependent Keq 0f the RNA -TL-TLR construct at
constant crowder concentrations (0 or 7.5 w%). Least squares fits of the data to Eq. 7.1 yield
changes in overall enthalpies (AH®) and entropies (AS°).

7.4.4 Crowding effects on RNA TL-TLR tertiary folding thermodynamics

As for many compact nucleic acid conformations, the TL-TLR tertiary binding motif
weakens and unfolds with increasing temperature,® with the positive (negative) slope (intercept)
in the van’t Hoff plot (see Figure 7.7) indicating folding to be exothermically favored (AHC < 0)
and entropically penalized (AS° < 0). Once again, the presence of PEG solute at high w% shifts
the linear fits vertically upward without appreciable change in slope (AAH® = 0), which
corresponds to a positive change in intercept (AAS® > 0). In other words, PEG entropically
stabilizes the TL-TLR tertiary structure formation, consistent with a conventional excluded
volume mechanism for molecular crowding.t” % By way of contrast, the putative polysaccharide
“crowders” dextran and Ficoll exhibit decreased slopes and increased intercepts in the van’t Hoff
plots, indicating significant solute-dependent differential enthalpic interactions, in addition to
possible entropic crowding corresponding to a less exothermic (AAH® > 0) but more entropically

favored (AASP > 0) folding into the TL-TLR tertiary structure. It is particularly noteworthy that
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the absence of polysaccharide “crowding” effects observed near room temperature for both the
DNA hairpin and RNA TL-TLR constructs (Figure 7.3 and 7.4) is simply due to a fortuitous
balance between entropic and enthalpic contributions. Indeed, the data in Figure 7.7 reveal that
dextran and Ficoll at 7.5 w% can and do efficiently stabilize nucleic acid folding at higher (and
presumably destabilize at lower) temperatures, but only via a temperature dependent imbalance
in enthalpic and entropic contributions to the free energies. Such stabilization effects can be quite
comparable to (and indeed easily mistaken for) pure entropic crowding if the temperature

dependence is not also carefully explored and taken into account.
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Figure 7.8 Eyring plots for the temperature dependent (A) kfoia and (B) Kunfold 0f the RNA TL-TLR
construct at constant crowder concentrations (0 or 7.5 w%). Least squares fits of the data to Eq.
7.2 yield forward/reverse activation enthalpies (AH*) and entropies (AS¥) for Krola/Kunfold.



183

The temperature dependent kinetic data for kroig and Kunfoid again reiterate the predominantly
entropic role of PEG stabilization on RNA tertiary folding, as indicated by parallel vertical shifts
in the Eyring plots (Figure 7.8). Again, by way of contrast, dextran and Ficoll polysaccharides
both show quite strong enthalpic and entropic effects on kroiq. Indeed, the Eyring plot slopes in
Figure 7.8A for tertiary structure folding even change sign (from plus to minus), indicating that
the presence of dextran and Ficoll transform a normally exothermic pre-folding approach into a
significantly endothermic approach to the transition state (AH* > 0). Conversely, the temperature
dependence of kunfoid (Figure 7.8B) for the TL-TLR construct is much less dramatic. Similar to
the effects seen in kunfoid for secondary DNA hairpin structure, the presence/absence of
polysaccharide solute for the TL-TLR generates much more subtle changes in the unfolding
endothermicity during the U to TS transition. The list of parameters obtained from
kinetic/thermodynamic analysis of the PEG vs polysaccharide solute dependence for tertiary TL-

TLR folding/unfolding are summarized in Table 7.2.

AH" AH* AS™ AH? AHF* ASH
(keal/mol) (keal/mol) (cal/'mol/K) (keal/mol) (keal/mol) (cal/'mol/K)

No crowder -30(2) -29.5(1.2) -101 (4) -6.0 (1.3) 5.9 (0.7) -75(2)
75w% PEG -29.2 (1.6) -29.5(1.2) -97(3) -5.9(0.9) 5.9 (0.7) -72(2)
7.5w% -21.9(1.2) = -74 (3) 5.17 (0.11) = -37.6 (0.3)
Dextran

7.5w% -24.6 (1.7) - -83(5) 0.5 (1.0) - -53(3)

Ficoll

Table 7.2 Thermodynamic parameters of RNA TL-TLR folding obtained from van’t Hoff and
Eyring analyses. Asterisk (*) indicates results from global fits assuming a common slope (i.e.,
enthalpy change) between no crowder and 7.5 w% PEG data.
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7.5  Discussion
7.5.1 Crowder effects on nucleic acid folding kinetics

Crowders (or any solute) take up physical space in solution, reducing the volume and the
corresponding number of microstates available for a nominally crowded biomolecule to sample.®
For the same crowder/solute configuration, folded biomolecules (V) can generally sample more
space than a non-compact unfolded (Vu) structure, where Vy > Vg;? thus, the presence of solute
crowders entropically favors the more compact state of biomolecule.?* Furthermore, if the
transition state is considered as a partially folded conformation, we can further expect that Vy >
Vs > VE. The crowding effect will favor the more compact TS state over U, thereby entropically
lowering the free energy barrier for the U to TS transition and consequently increasing Krolg.*®
Similarly, kunfords Would be expected to decrease with added solute due to the compact F state
being more efficiently stabilized by crowding with respect to the TS. In summary, molecular
crowding is predicted to promote folding entropically by simultaneously increasing ksoiq and
decreasing kunfold, Which is entirely consistent with the PEG data for exponential enhancement of
secondary and tertiary structure formation in nucleic acids (i.e., see Figure 7.3 and 7.4). By way
of contrast, polysaccharides dextran and Ficoll at similar w% concentrations exhibit only quite
modest effects on the folding/unfolding rate constants and equilibrium constants (Keq =
Kfold/Kunfold) for both the DNA hairpin and the RNA TL-TLR at room temperature. With respect
to impact on nucleic acid folding/unfolding dynamics, the single molecule equilibrium/kinetic
data reported herein indicate significant differential enthalpic interactions (AAH = 0) between the
putative polysaccharide “crowders” dextran and Ficoll with nucleic acid constructs. We would
argue that such behavior is inconsistent with conventional excluded volume model predictions,

and thus dextran and Ficoll polysaccharides do not represent initiators of molecular crowding
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Figure 7.9 Folding free energy landscapes of the DNA hairpin construct. (A) Enthalpic and (B)
entropic contributions along the folding coordinate, with the relative enthalpy/entropy of the
unfold state, U conventionally referenced to zero. The corresponding (C) enthalpic and (D)
entropic changes by the three crowders at 7.5 w%. Note that entropic contributions (-TAS) to the
free energies are estimated for room temperature conditions (21.0 °C).

phenomena for nucleic acids. Of course, this assessment depends on the nature of chemical
interaction with the biomolecule being crowded. We cannot rule out the possibility that dextran
and Ficoll have negligible differential chemical interactions between folded vs. unfolded proteins

and therefore may act as truly entropic crowding agents.*®
7.5.2 Predominantly entropic effects of PEG are consistent with pure crowding

Despite the fact that excluded volume effects are ubiquitous for all solutes, the resulting
crowding can be buried in or dominated by additional solute- and/or biomolecule-specific
enthalpic chemical interactions. The chemically and biologically inactive polymer PEG provides

a valuable opportunity for us to identify and isolate pure crowding effects from these other more
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Figure 7.10 Folding free energy landscapes of the RNA TL-TLR construct. (A) Enthalpic and (B)
entropic contributions along the folding coordinate with the relative enthalpy/entropy of the unfold
state, U conventionally referenced to zero. The corresponding (C) enthalpic and (D) entropic
changes by the three crowders at 7.5 w%. Note that entropic contributions (-TAS) to the free
energies are estimated for room temperature conditions (21.0 °C).

complex solute-biomolecule interactions. The literature on this important topic is still evolving.
To date, many studies have used PEG as the crowding agent and simply report the additional
stabilization to be the result of crowding.'% %55 However, PEG has also been found to perturb
folding enthalpies of some protein systems, implying the presence of solute-specific chemical
interactions. 2% This differs yet again with multiple other studies on proteins? and nucleic
acids®”?° claiming the effects of PEG to be primarily entropic and therefore reflect true crowding
phenomena. Such a discrepancy would seem to indicate that crowding by PEG may depend
significantly on the structure and chemical properties of the crowded biomolecules. This
provides us with additional motivation for detailed characterization of the thermodynamic

crowding effects of PEG, as applied to both secondary and tertiary structures of nucleic acids.
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From the temperature dependent studies reported herein (Figure 7.5 to 7.8), we are able
to deconstruct the folding free energy landscape into enthalpic and entropic contributions.
Vertical shifts in the van’t Hoff plots confirm that PEG only changes the folding entropy (AAS®
> 0) and leaves the enthalpy unchanged (AAHC ~ 0) for both nucleic acid secondary (Figure 7.5)
and tertiary (Figure 7.7) folding. The predominantly entropic stabilization effects of PEG are
consistent with crowding originating from excluded volume interactions. Furthermore, from
transition state analysis, the parallel nature of the Eyring plots for both ksoiq and Kunfold again
signal the predominantly entropic origins of PEG stabilization effects (Figure 7.6 and 7.8). It is
worth noting that our ability to infer small enthalpic changes in these thermodynamic studies is
limited by experimental uncertainties. We therefore cannot completely rule out the possibility of
small interactions with PEG that could either weakly stabilize or destabilize the nucleic acid.
Nevertheless, from previous work on RNA TL-TLR folding, the magnitude of such entropic
effects!’ and their dependence on PEG polymer size*® were successfully predicted by hard sphere
models based purely on excluded volume interactions. Strengthened by additional confirming
evidence for both nucleic acid secondary and tertiary folding from the temperature dependent
Kinetic studies, the data strongly suggest that the PEG crowding of nucleic acids can be largely

attributed to true entropic crowding effects.
7.5.3 Enthalpic/entropic effects with polysaccharides suggest preferential binding

Polysaccharide crowders such as dextran and Ficoll are also commonly used in crowding
studies, but primarily with proteins.'? One early study found that lysozyme stability is
entropically enhanced by the presence of dextran,*® from which it was inferred that the effects on
protein folding arose primarily from crowding. However, some recent studies have pointed out

the additional presence of enthalpic interactions between dextran and Ficoll with certain protein
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structures.?2% 55" This raises obvious questions for the role of such polysaccharides in the
crowding of nucleic acid folding, which has received much less attention and remains poorly
understood. This further motivates us to characterize the thermodynamic free energies,
enthalpies, and entropies between model secondary and tertiary nucleic acid structure constructs

and polysaccharides widely used in protein crowding studies, i.e., dextran and Ficoll.

For both secondary (DNA hairpin) and tertiary (RNA TL-TLR) nucleic acid structures,
polysaccharide crowders dextran and Ficoll are found to significantly change enthalpic as well as
the entropic contributions to the folding free energy landscape. From standard van’t Hoff
analysis (Figure 7.5 and 7.7), an increase in dextran and Ficoll concentration (0 to 7.5 w%)
decreases the slope, indicating a reduction in overall exothermicity for folding (AAH® > 0), but
with a corresponding increase in the intercept reflecting a reduction in entropic penalty (AAS® >
0). Moreover, from temperature dependent analysis (Figure 7.6 and 7.8), we find the effects of
these polysaccharides on the folding kinetics to be primarily visible in the folding rate constant
krola. Specifically, dextran and Ficoll are found to increase the folding activation enthalpy (AAH?

> 0), as well as the activation entropy (AAS* > 0) during the approach from U to TS.

The overall folding free energy landscapes and the corresponding crowder-induced
changes in the folding/activation enthalpies/entropies are conveniently summarized in Figure 7.9
and 10 for the secondary (DNA hairpin) and tertiary (RNA TL-TLR) structures, respectively. It
is worth noting that along the folding coordinate, the enthalpic penalty (AAH > 0) is significant
but competing with (and indeed, at room temperature, completely compensated by) a
counterbalancing entropic stabilization (A(-TAS) < 0) (Figure 7.9A and 7.9B; Figure 7.10A and
7.10B), leading to a greatly reduced sensitivity in the folding kinetics and equilibrium to both

dextran and Ficoll, at least at room temperature where all three Eyring and van’t Hoff curves
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Figure 7.11 Schematic model for the effects of (A) PEG or (B) dextran on folding of the RNA
TL-TLR, highlighting the differential entropic (AAS > 0) and enthalpic contributions (AAH > 0)
due to binding of polysaccharide to the greater solvent accessible surface area (SASA) of the
unfolded nucleic acid.

intersect in a single point. Such compensating tradeoffs in free energy between enthalpy and
entropy®® are of course quite ubiquitous in biophysics, but may provide a partial explanation for
the mislabeling of polysaccharides as crowding agents for nucleic acids. In the present case, a
potentially better qualitative interpretation for anticorrelation between enthalpic and entropic
changes may be that the more enthalpically stabilized system is also more restrictive with respect
to microstate-sampling: e.g. enthalpic binding of solute to the biomolecule diminishes the overall

translational entropy of the solution system.>®

Based on the thermodynamic evidence, we propose a simple binding model to account
qualitatively for the simultaneous enthalpic destabilization (AAH > 0) and entropic stabilization

(A(-TAS) < 0) effects of polysaccharides upon nucleic acid folding (Figure 7.11). First of all, we
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expect the abundance of hydroxyl groups on the polysaccharide molecules to be overall
attractive to the nucleic acid, in order to have significant impacts on the folding free energy. As a
result, the polysaccharide solute will tend to accumulate on the accessible surface area of nucleic
acid, enthalpically stabilizing the system at the cost of entropy primarily in the translational
degrees of freedom of the bound polysaccharide and solvent reorganization. Upon folding, this
solvent accessible surface area (SASA) of the nucleic acid decreases, requiring partial expulsion
of the associated polysaccharide molecules. The net effect will be a less enthalpically stabilized
folded structure (AAH® > 0) with entropic gain (A(-TAS?) < 0) from freeing the polysaccharide

molecules, much as reflected in the thermodynamic results summarized in Figure 7.9 and 7.10.

We can take this preferential binding model one step further to interpret the influence of
polysaccharide crowders on the folding kinetics. Specifically, the transition state for TL-TLR
folding has been previously characterized?® as a tetraloop and tetraloop receptor in close
proximity, but with unformed yet “pre-aligned” hydrogen bonds between the TL and TLR. This
is clearly supported by the fact that the majority of the enthalpic stabilization occurs in the
second half of the reaction coordinate as the TL-TLR evolves from the TS to the fully folded
state (see Figure 7.10A). As a result, we would expect the majority of changes in SASA to take
place as the two folding motifs are brought into contact along the approach from U to TS. By
way of support, this would be entirely consistent with the fact that polysaccharide “crowders”
primarily influence the temperature dependence of Kroiq, rather than Kunfoid (€.9., the slopes in
Figure 7.8). Furthermore, as a result of limited changes in SASA between the TS and F states,
the model also correctly predicts the unfolding rate constant (kKunfoid) to be largely insensitive to
differential enthalpic contributions from dextran and Ficoll binding, which is again nicely

consistent with the temperature dependent data in Figure 7.8. Indeed, the similar impacts of all
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three crowders revealed in Figure 7.8B signals the relatively minor role of enthalpic
contributions on kunfoid. AS a result, at least the unfolding kinetics for these secondary and tertiary
nucleic acid constructs appear to be dominated by more purely entropic, excluded volume effects

for both PEG and Ficoll/dextran polysaccharide polymers (Figure 7.4C).

7.6  Summary and conclusion

Temperature-controlled sSmFRET confocal microscopy has been used to study the
kinetics of solute-biomolecule interactions for common molecular crowding agents, PEG,
dextran and Ficoll, in order to explore/interpret the thermodynamics effects of crowding on
nucleic acid secondary (DNA hairpin) and tertiary (RNA TL-TLR) structures. Room temperature
kinetic analysis reveals that PEG promotes nucleic acid folding by simultaneously increasing
kfoid and decreasing Kunfold, qualitatively consistent with predictions from purely entropic
crowding effects due to excluded volume interactions. By way of contrast, polysaccharide
crowders, dextran and Ficoll do not significantly impact either the equilibria or kinetics of
nucleic acid folding at room temperature. From temperature dependent studies, this
thermodynamic stabilization at 7.5 w% PEG is found to be predominantly entropic (AAS > 0)
with only negligible enthalpic (AAH ~ 0) contributions, again perfectly consistent with excluded
volume models of crowding. Again, by way of contrast, the presence of 7.5 w% dextran and
Ficoll significantly influences both folding enthalpies as well as entropies, suggesting solute-
specific chemical interactions which we attribute to preferential binding of polysaccharide with
the larger solvent accessible surface area of the unfolded nucleic acid construct. The results

indicate the presence of PEG promotes nucleic acid folding predominantly through purely
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entropic crowding effects without enthalpic contributions. However, these studies also reveal

dextran and Ficoll to perturb the folding free energy landscape for nucleic acid folding in more

complicated ways, by differential enthalpic contributions to the folded vs unfolded

conformations (AAH = 0) that compete with the purely entropic crowding effects (AAS > 0)

arising from simple excluded volume models. The results highlight the power of temperature

dependent single molecule FRET microscopy studies for access to and allowing systematic

deconstruction of free energy landscapes into enthalpic and entropic contributions.

7.7
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Chapter 8
Synergism in the Molecular Crowding of Ligand-Induced Riboswitch Folding:

Kinetic/Thermodynamic Insights from Single Molecule FRET Spectroscopy

8.1  Abstract

Conformational dynamics in riboswitches involves ligand binding and folding of the
RNA, each of which can be influenced by excluded volume effects under “crowded” in vivo
cellular conditions and thus incompletely characterized by in vitro studies under dilute buffer
conditions. In this work, temperature-dependent single molecule FRET spectroscopy is used to
characterize the thermodynamics of i) lysine ligand and ii) molecular crowders (PEG,
polyethylene glycol) on folding of the B. subtilis LysC lysine riboswitch. With the help of
detailed kinetic analysis, we isolate and study effects of PEG on lysine binding and riboswitch
folding individually, from which we find that PEG crowding facilitates riboswitch folding
primarily via a surprising increase in affinity for the cognate ligand. This is furthermore
confirmed by temperature dependent studies which reveal that PEG crowding is not purely
entropic and instead significantly impacts both enthalpic and entropic contributions to the free
energy landscape for folding. The results indicate that PEG molecular crowding/stabilization of
the lysine riboswitch is more mechanistically complex and requires extension beyond the
conventional picture of purely repulsive solvent-solute steric interactions arising from excluded
volume and entropy. Instead, the current experimental FRET data supports an alternative
multistep mechanism whereby PEG first entropically crowds the unfolded riboswitch into a “pre-
*This chapter is adapted from: Sung, H.-L.; Nesbitt, D. J Synergism in the Molecular Crowding of Ligand-

Induced Riboswitch Folding: Kinetic/Thermodynamic Insights from Single-Molecule Spectroscopy. J. Phys.
Chem. B 2022, 126, 6419-6427.
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folded” conformation, which in turn greatly increases the ligand binding affinity, and thereby

enhances the overall equilibrium for riboswitch folding.

8.2 Introduction

Intracellular environments are highly concentrated with various kinds of solutes ranging
from small molecule metabolites to macromolecule proteins and nucleic acids.! All these solutes
impose ubiquitous steric constraints (such as excluded volume) that affect both biomolecular
structure and function.? Simply summarized, the presence of solute limits the space available
for the biomolecule to sample and thereby entropically favors any conformations that occupy
smaller volume.* Such steric stabilization toward more compact biomolecule structures is often
referred to as molecular crowding.>®

Most biochemical studies are performed in dilute buffer, which differs significantly from
the in vivo intracellular environment where biomolecules actually function. In order to correctly
interpret these in vitro observations, therefore, it is crucial to characterize and understand the
effects of crowding on biomolecular systems.”® Experimentally, polymeric crowders such as
PEG (polyethylene glycol) and dextran (polysaccharide) are often introduced into biological
buffers to mimic the intracellular crowding environment.*® Consistent with simple crowding
expectations, the presence of such polymers favors the more compact biomolecular
conformation.!! Interestingly, many of these studies identified the origin of such polymer
stabilization*?** to be largely entropic in nature, suggesting that the interaction between polymer
crowders and a crowded biomolecule occurs predominantly via the effective “repulsion” due to

pure excluded volume effects.?®
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Riboswitches are RNA elements that regulate gene expression in response to ligand
concentrations in the cell.**7 In particular, folding of the lysine riboswitch is found to be
facilitated by ligand through an induced-fit (IF, “bind-then-fold”’) mechanism,'®'° whereby the
presence of the lysine binding lowers the free energy activation barrier and thereby promotes
subsequent folding of the riboswitch. As indicated in Figure 8.1A, the binding of lysine (with
dissociation constant Kg) is prerequisite for the riboswitch folding; the lysine-associated
riboswitch can then fold and unfold at the rate of kfoig and kunfoig, respectively. Since molecular
crowding effects can in principle impact both binding and folding steps,?%-?* this necessitates
further study into kinetic and thermodynamic mechanisms for crowding and ligand-induced
riboswitch folding, in order to deconstruct their respective influences on riboswitch function and
resulting gene expression.

In this work, we explore the effects of PEG on the lysine riboswitch folding with single
molecule FRET spectroscopy. In the context of simple nucleic acid constructs, PEG has been
found to facilitate secondary and tertiary folding via predominantly entropic effects,> which
would be consistent with a “hard sphere” physical picture of crowding. Specifically, previous
PEG crowding studies as a function of temperature highlight the negligible role of differential
enthalpic effects in RNA/DNA conformational change. From detailed kinetic analysis of the
single molecule data, however, one can characterize the overall riboswitch folding by two
sequential mechanistic pathways: i) ligand binding and ii) subsequent conformational change of
the lysine riboswitch,? thereby motivating study of the impact of PEG crowding on each of these
processes separately. Moreover, single molecule experiments as a function of temperature enable
further deconstruction of free energies and free energy barriers into enthalpic and entropic

contributions along the folding coordinate.?” As a result, the work potentially provides new
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thermodynamic and Kkinetic insights into the effect of molecular crowding on both RNA-small
molecule binding and evolution of the lysine riboswitch from unfolded to “pre-folded” to folded

confirmations.
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Figure 8.1 Schematic presentation of lysine riboswitch single molecule FRET construct folding.
(A) The induced-fit mechanism of lysine riboswitch folding where 1. lysine binding is followed by
I1. the riboswitch conformational change (U = unfolded riboswitch, F = folded riboswitch, and L
= lysine). Note that folding brings Cy3 and Cy5 closer and thereby increases the FRET energy
transfer efficiency (Erret). (B) Sample time dependent fluorescent signal. The conformational
change is visualized by the anticorrelation between the Cy3 and Cy5 signal, which results in Errer
changes.
8.3  Experiment
8.3.1 Lysine riboswitch construct and sample preparation

In this work, we use a modified B. subtilis lysC lysine riboswitch?® as a model system to
explore the effect of crowding on ligand-induced RNA folding. The doubly dye-labeled and
biotinylated RNA construct is synthesized by annealing three strands of nucleic acid oligomers

together (Figure 8.1A, the biotinylated P1 extension not shown).'® The distal ends of stem P1 and

P5 are labeled with the cyanine dyes Cy3 and Cy5, respectively to maximize the Erret (FRET
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energy transfer efficiency) contrast during the conformational change in response to lysine.?®
Details of the RNA sequences and synthesis methods can be found in previous work.'® We note
that the conformational change of the model construct is consistent with the wild type riboswitch
as the Errer values can be predicted from the crystal structure.?® The ligand affinity of the model
construct is about 1 to 2 orders of magnitudes lower than the wild type riboswitch, which has the
dissociation constant Kp = 1 uM.* Such a discrepancy can be simply attributed to the typically
higher Mg?* concentration (20 mM) used in the structural analysis (e.g., in-line probing) of the
wild type RNA.*°

To prepare samples for single molecule experiments, the coverslip sample holder is first
incubated with 10% biotinylated BSA (bovine serum albumin) to prevent non-specific binding.
A second incubation step results in sufficient streptavidin attachment to the coverslip, with
surface tethering of the riboswitch construct achieved by biotin-streptavidin association. Single
molecule fluorescence experiments are performed under buffer conditions with (i) 50 mM
HEPES (pH 7.5), 100 mM NaCl, 50 mM KCI and 0.5 mM MgCl: to provide sufficient
background cations and maintain the buffer pH, (ii) Trolox/PCA/PCD oxygen scavenger system
to enhance fluorophore photostability,® and (iii) additional lysine and PEG 3K (average
molecular weight ~ 3000 amu) to achieve desired experimental crowding conditions.
8.3.2 Temperature-controlled single molecule experiment and data analysis

The present single molecule FRET experiments have been performed with a through-
objective total internal reflection fluorescence (TIRF) microscope, with details described
elsewhere.®? In brief, a 532 nm laser beam is directed through a high numerical aperture oil-
immersion microscope objective, with a mirror set for parallel translation of the beam with

respect to the objective axis to increase the incident angle and thereby achieve total internal
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reflection illumination of fluorescent RNA constructs immobilized at the coverslip-water
interface. The resulting fluorescence from the sample is then collected by the same wide-field
objective, split by a dichroic mirror into Cy3 and Cy5 channels, and focused onto a charge-
coupled device (CCD) video camera, with which data are collected in a video format at a 20 Hz

acquisition framerate (Figure 8.1B).
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Figure 8.2 Sample ErreT trajectories and dwell time analysis. (A) ErreT trajectories without PEG.
(B) Errer trajectories with 8 w% PEG. Note that the construct spends significantly more time in
the high Errer State corresponding to the folded conformation. (C) Dwell time analysis without
PEG. (D) Dwell time analysis with 8 w% PEG. The cumulative distribution function of the
unfolded dwell time decays much more rapidly, corresponding to accelerated Kroia.

Single molecule fluorescent traces are obtained from the recorded movie by custom
analysis software with background correction to generate the resulting Erret time trajectory (see
sample data in Figure 8.2A and 8.2B). A standard hidden Markov modeling method is used to
identify transitions between the folded (Errer ~ 0.7) and the unfolded (Errer ~ 0.3 t0 0.4)
conformations and thereby to acquire individual dwell times.®® The folding equilibrium constant

Kroid can be readily extracted as the ratio of total folding and unfolding dwell times (Kroiq =

T+old/ Tunfold), from which the folded fraction Froia can be calculated (Froid = Ttold/(Ttold + Tunfold)).
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The folding (kfid) and unfolding (kunfoid) rate constants themselves can be obtained from analysis
of the corresponding dwell time distributions for tunfoid and troia (Se€ Sample data in Figure 8.2C
and 2D), respectively.®* Cumulative distributions for both triq and tunfola are well fit to single
exponential decay functions, consistent with folding and unfolding of the lysine riboswitch well
described by simple first order kinetics. Note that each cumulative distribution function (N = 3)
consists of dwell times obtained from = 10 individual molecules within 1 or 2 surface scans. The
uncertainties (e.g., error bars in Figure 8.3 to 8.7) are reported as the standard deviation of the
mean. We believe the major source of measurement uncertainties is the sample heterogeneity,
along with minor contributions from fitting errors and temperature fluctuation.

The temperature-controlled single molecule studies are achieved with the help of
thermoelectric cooling/heating modules under servo loop control, as described in previous
work.®2 Both the sample and microscope objective are cooled/heated simultaneously to minimize
any thermal gradients across the sample, with sample temperatures measured (to = 0.1 °C

accuracy) by a calibrated resistance thermometer.
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Figure 8.3 PEG-dependent lysine riboswitch folding at a constant lysine concentration (1 mM).
(A) folding equilibrium and (B) kinetics as a function of PEG concentration. Data are fit to a single
exponential function to highlight the rapid rise of Kroig and Kroig With increasing PEG concentration.
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8.4  Results and analysis
8.4.1 Lysine riboswitch folding promoted by PEG

Previous studies have shown that folding kinetics of the lysine riboswitch follows an
induced-fit (IF) mechanism,*8-1° whereby lysine binding is an essential prerequisite for the
riboswitch to fold. Under 1.0 mM lysine conditions, the riboswitch spends roughly equal average
amounts of time in the high Erret (ErreT ~ 0.7) and low Erret (ErreT ~ 0.3) states,
corresponding to the folded and unfolded conformations, respectively (Figure 8.2A). Additional
8 w% (percentage by weight) of PEG significantly promotes equilibrium folding of the
riboswitch, as evident in the greatly enhanced time durations the fluorescent construct spends in
the high Errer state (Figure 8.2B). Furthermore, at constant 1 millimolar lysine concentration,
Kroid increases monotonically (Figure 8.3A) with systematically increasing PEG, again consistent
with crowding promotion of the folded riboswitch conformation under equilibrium conditions.

In addition to the above equilibrium data, however, an even greater wealth of information
on single molecule biophysical kinetics is revealed in dwell time distributions for each
fluorescence trajectory. In particular, kinetic information in these single molecule fluorescence
trajectories can be obtained from logarithmic dwell time analysis of the cumulative probability
distributions,®* with sample data under low (0 w% PEG) and high (8 w% PEG) crowding
conditions displayed in Figure 8.2C and 8.2D. These data make clear that PEG dramatically
increases the folding rate (krold, in red) and decreases the unfolding rate (Kunfold, in green) of the
lysine riboswitch (Figure 8.3B). In particular, the crowding effects are much stronger on the
folding vs. unfolding step. Specifically, there is a nearly 400% increase in Kfoid between 0 and 8

w% PEG concentrations, over which range Kunfoid is reduced by only 10%.
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8.4.2 PEG stabilization on lysine dependent folding illustrated by kinetic modeling

Here we implement a more detailed kinetic analysis to highlight the PEG effect on the
ligand response of the riboswitch folding.?® In previous work, folding of the lysine riboswitch
was found to be initiated by ligand association, followed by RNA conformational change in a
“bind-then-fold” induced fit (IF) mechanism.'®1° The simplified IF folding pathway is illustrated
in Figure 8.1A, where Kq reflects the dissociation constant of lysine and ki/k.1 correspond to
unimolecular forward/backward rate constants for overall conformational changes in the

riboswitch construct.
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Figure 8.4 Lysine-dependent folding curves at a series of PEG concentrations. Folded fraction
Froid s a function of lysine with (A) 0 w%, (B) 4 w%, and (C) 8 w% PEG. Data are nonlinear least
squares fit to the Hill equation (Eq. 8.1).



206

We first focus on the equilibrium folding behavior by studying the folded fraction Froiq =

Tfold
Tfold+Tunfold

as a function of lysine at constant PEG concentration (Figure 8.4). As expected, the
data indicate linear growth in Ffoq at low ligand concentration and eventual saturation at high
lysine. More surprising is the dependence of these curves on crowder, with the saturation plateau
quite insensitive to PEG from 0 to 8 w%, yet with the lysine binding affinity increasing by nearly
an order of magnitude over the same range of crowding conditions. Simply summarized, the
main role of PEG as molecular crowder appears to be through promotion of the lysine-riboswitch
binding interaction, which in turn facilitates subsequent folding of the riboswitch. It’s worth
noting that the enhancement of bimolecular association is expected from PEG crowding. To

highlight more quantitatively the impact of PEG on lysine-induced riboswitch folding, the data

can be fit to the Hill equation®

Lysine]™
Ffold = Fnax X Lysine] Eqg. 8.1

Kp™+[lysine]™
where nz is the Hill coefficient, Kp is the effective dissociation constant for lysine binding, and
Fmax corresponds to the maximal Froiq Value under saturated lysine conditions. Since Kp
corresponds to the lysine concentration for which Froiq = Fmax/2, a smaller Kp value reflects a
more effective lysine promotion of riboswitch folding. The fitting results are summarized in
Table 8.1 for 0 to 8 w% PEG crowder conditions, over which Kp reduces from 0.68(8) mM from
0.109(5) mM, corresponding to an equivalent 7-fold efficiency increase in lysine promoted

riboswitch folding with a n1 = 1 (i.e., non-cooperative) Hill coefficient.

KD (mM) ni Fmax
0 w% PEG 0.68(8) 0.91(9) 0.77(2)
4 W% PEG 0.36(4) 1.02(12) 0.82(2)
8 W% PEG 0.109(5) 1.08(6) 0.843(10)

Table 8.1 Least squares fit results for the lysine-induced folding equilibria.
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Figure 8.5 Lysine-dependent folding and unfolding rates at a series of PEG concentrations.
Folding rate constants Ksoia/Kunfoid s a function of lysine with (A) 0 w%, (B) 4 w%, and (C) 8 w%
PEG. The kfoiq data are fit to the Hill-like kinetic equation (Eg. 8.2), while the lysine-independent
kunfoid data are fit with a horizontal line.

The kinetic promotion of lysine-induced riboswitch folding can also be investigated via
statistical analysis of the dwell time distributions (see Figure 8.5), for which the effective folding
rate constant (Kroid) increases as a function of lysine and eventually reaches a saturation plateau.
By way of contrast, the unfolding rate constant kunfoid is completely insensitive to lysine and
remains constant over a wide range of ligand concentrations.'® Such kinetic results are in fact
entirely consistent with an induced-fit mechanism, whereby lysine promotes riboswitch folding

through a “bind-then-fold” process.'®° Specifically for such a simplified kinetic model (see

Figure 8.1A), increase in lysine concentration simply shifts the equilibrium toward a higher
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fraction in the ligand bound state, thereby promoting the effective unimolecular folding rate Kol
up to the limiting velocity of k1. Conversely, the effective unimolecular unfolding rate Kunfold
simply reflects k1 and remains independent of lysine concentration.?® By solving the kinetic
equations assuming rapid equilibration with respect to lysine binding, the data can be fit to an

independent Hill equation for kioid?®

[lysine]™2
K ;™2 +[lysine]™2

kfold = k1 X Eq 82

where again ny is a Hill coefficient, Kq is the lysine dissociation constant and ki corresponds to
the maximal kroiq vValue under saturating ligand conditions. Similar to the results discussed above
for folding/unfolding equilibrium constant properties, we find that the addition of PEG crowder
significantly increases the efficiency for lysine binding (i.e., reduces Kq) and in turn facilitates
folding of the lysine riboswitch. Interestingly, by way of comparison only relatively modest PEG
effects on the elemental folding/unfolding rate processes are observed, with 8 w% PEG
concentrations increasing/decreasing the unimolecular folding (k1)/unfolding (k-1) rate constants
by only 10%/40%, respectively. Such relatively modest changes in the intrinsic rates are
consistent with crowding,** with fits of the kinetic data to Eq. 8.2 summarized in Table 8.2.
However, it is worth stressing that the predominant impact of molecular crowding from this
mechanistic perspective arises from a 7x decrease in Kq (i.e., 700% enhancement of ligand

binding to the riboswitch).

Ka (MM) nz ki (s1) ka (st
0 W% PEG 3.1(9) 1.00(19) 1.26(13) 0.367(8)
4 W% PEG 1.8(3) 1.12(17) 1.48(10) 0.317(9)
8 W% PEG 0.58(7) 1.34(17) 1.45(6) 0.262(11)

Table 8.2 Least squares fit results for the lysine-induced folding kinetics.
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Figure 8.6 van’t Hoff plots for the temperature dependent lysine riboswitch folding at (A) 0 w%
PEG and (B) 6 w% PEG. [lysine] =1 mM.

8.4.3 Temperature-dependent folding reveals both enthalpic and entropic PEG effects
We can take such equilibrium and kinetic analyses one important step further by
performing temperature dependent SmFRET folding experiments, which permit deconstruction
of overall (AG®) and transition state (AG*) free energies into enthalpic (AH) and entropic (AS)
contributions as a function of PEG crowder concentrations. First of all, studies in absence of
crowder reveal that unfolding of the lysine riboswitch is strongly favored with increasing
temperature, specifically 10-fold reduction in the overall equilibrium constant Ksoiq Over a
modest 12 °C temperature range. Quantitative thermodynamic information for the corresponding

folding enthalpy and entropies can be extracted from a simple van’t Hoff analysis, i.e.,

AH91  AS©
R T R

anfOld = — Eq 8.3



210

As summarized in the sample data in Figure 8.6A, B, overall folding of the lysine riboswitch at
both low (0 w%) and high (6 w%) crowder conditions is found to be exothermic (AH® = -
32.8(18) and -15.0(14) kcal/mol, respectively) and yet entropically penalized (-TAS® = -111(5)
and -50(3) cal/mol/K), consistent with a simple physical picture of folding whereby
biomolecules are enthalpically encouraged to fold into a more ordered (lower entropy) state.*® Of
particular interest, however, the addition of 6 w% PEG (Figure 8.6B) decreases and increases the
slopes vs. intercepts, respectively, corresponding to incremental PEG-induced increase in both
AH? and AS° (AAH? > 0 and AAS® > 0). Simply stated, the presence of PEG crowder reduces the
thermodynamic advantage of folding exothermicity and yet also lowers the entropic penalty for
folding of the lysine riboswitch. We will return to this important issue in the discussion section,

but for the moment emphasize that such changes in overall exothermicity (AAH® > 0) with PEG
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Figure 8.7 Eyring plots for the temperature dependent lysine riboswitch folding at (A) 0 w% PEG
and (B) 6 w% PEG. [lysine] =1 mM.
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concentration are inconsistent with a purely excluded volume interpretation of crowding, for
which the driving forces are predicted to be purely entropic (AAS° > 0).

There is of course additional thermodynamic information in the temperature-dependence
of the kinetic rate constants themselves. Specifically, if we make the plausible assumption of a
single rate-limiting transition state, we can similarly analyze the temperature-dependent kinetic

data with transition state/Eyring theory3’-3

¥ E
nk=—-2C24 5 Ly Eq. 8.4
R T R

where AH* and AS* represent enthalpic and entropic differences, respectively, between the
transition state and the folded/unfolded states of the riboswitch. In Eq 3, v represents the attempt
frequency (set to be 10%2 s in our analysis) to access the transition barrier along the
folding/unfolding coordinate,*° though the extracted value of AS* is only logarithmically
dependent on such a choice. Despite the fact that any absolute entropy change associated with
surmounting the transition state barrier will depend weakly on the choice of v, any differential
changes in entropy (AAS*) induced by PEG crowding remain rigorously independent of any such
logarithmic offset.

As clearly evident in Figure 8.7A, the logarithmic rate constant from such an Arrhenius

analysis for folding of the lysine riboswitch increases linearly with 1/T. The slope in Figure 8.7A

(red line) implies that folding of the riboswitch releases heat (AHroid* ~ —17.3(16) kcal/mol) in

accessing the transition state, while the negative intercept (ASfoia* ~ —121(3) cal/mol/K)

indicates an entropic TS barrier (-TASrig* > 0) in the absence of crowding conditions. In the
presence of 6 w% PEG crowder (see Figure 8.7B), slope and intercept of the Eyring plot change
rather dramatically for ksoid, cOrresponding to a significant differential decrease in both

exothermicity (AAHfoia* > 0) and entropic cost (-TAAStia* < 0) for access to the folding
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transition state. Of particular interest and in contrast with the riboswitch folding kinetics,
however, the presence of 6 w% PEG molecular crowders results in very modest effects on the
temperature dependence of Kunfold, With therefore only small crowding-induced changes in
enthalpy (AAHunfoig* ~ 0) and entropy ((-TAASunfoid* = 0) required to reach the transition state

from the fully folded lysine riboswitch conformation.
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Figure 8.8 Free energy landscapes for lysine riboswitch folding. PEG effects on the (A) free
energy, (B) enthalpic, and (C) entropic contributions along the folding coordinate (U = unfolded
state, TS = transition state, and F = folded state). Values are arbitrarily referenced to zero for the
folded state F.
8.5  Discussion
8.5.1 Kinetic vs. thermodynamic crowding data indicate conflicting solute interaction
models

We have shown the lysine riboswitch folding can be promoted by increasing PEG
concentration, which is entirely consistent with crowding effects, where the presence of PEG
favors the more compact state.'*>** From the perspective of the solute interaction model, such

PEG-enhanced structure formation can simply result from generic repulsion between PEG and

the RNA.* Specifically, the biomolecule might tend to adopt the more compact conformation in
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order to reduce the solvent-accessible surface area (SASA) and in turn decrease overall
unfavorable solute-biomolecule contact.*>*® Taking these ideas one step further, if this repulsion
were shown to be predominantly steric (i.e. entropic) in nature, it can be unambiguously
attributed to the crowding effects originating from excluded volume.*® However, the significant
slope changes in the van’ Hoff plots in Figure 8.6 signal differential enthalpic contributions and

may suggest a more complex solute effect which we can explore further.

The thermodynamic parameters obtained from the temperature dependence are
summarized in Figure 8.8, where the relative enthalpy and entropy of each state are plotted along
the simplified folding coordinate, with the folded state F referenced to zero.* It is shown that
PEG exerts effects (red vs blue) predominantly on the (forward) folding activation enthalpy
(AHroig%) and entropy (AStoia*), While leaving the relative free energy contributions between the
transition state and the folded state largely unperturbed (Figure 8.8B and 8.8C). Furthermore, the
shifts in Figure 8.8 suggest the unfolded conformation is enthalpically stabilized and entropically
destabilized by PEG with respect to the transition/folded states. From the physical picture of a
simple solute interaction model, such a free energy change corresponds to increase in PEG
association with the unfolded conformation of larger SASA.% In other words, our
thermodynamic analysis reveals an overall attraction (favorable contact) between PEG and the

riboswitch.

Indeed, solvent-solute interactions represent a simple yet efficient way to understand
solute-promoted biomolecule folding/unfolding. However, the thermodynamic results for
preferential PEG solvation of the unfolded state clearly contradict the general repulsion between
PEG and RNA predicted from the PEG enhanced lysine riboswitch folding. It is in fact unusual

for favorable PEG-RNA contacts to enhance folding, which requires increasing the area of the
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RNA-RNA interface. Such discrepancies suggest solute interactions alone are insufficient to
account for our present findings, with a much more likely hybrid folding mechanism required for
the observed changes in both entropy and enthalpy with crowding conditions.
8.5.2 PEG prearranges the unfolded riboswitch to facilitate folding

Careful inspection of the Errer trajectories in Figure 8.2 show the low Errer state of the
lysine riboswitch shifts to a slightly higher value (from = 0.3 to 0.4, as illustrated in Figure 8.9)
by PEG when the riboswitch becomes more folded. Such an observation indicates PEG may not
only promote the overall riboswitch folding, but also alter the structure of the unfolded
(relatively low Erret) state. Similar behavior is also observed in previous single molecule studies
of the lysine riboswitch,8 244 where the low Egrer value increases in response to buffer
conditions that promote folding. Moreover, one study is able to resolve the low Erret population
of the same lysC riboswitch into (i) the fully unfolded, and (ii) the lysine-free pre-folded states.**
We therefore suspect that equilibrium between the unresolved low Erret conformations may

have significant impact on our thermodynamic analysis.

0.4
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01 02 03 04 05 06

EFRET
Figure 8.9 Normalized Erret distribution of the low Erret population with 0 w% PEG (blue) and
8 w% PEG (red). Bin size = 0.05.
Although we are unable to resolve, assign, and deconvolute these low Errer

conformations in the kinetics, we can treat the low Errer State as an average of (1) the fully
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unfolded and (2) the pre-folded conformations, as the simplest physical model to understand the
thermodynamic consequence. The slightly elevated Erret value indicates PEG drives the
equilibrium from the unfolded to a “pre-folded” lysine riboswitch, which is consistent with the
common observation of PEG promoting the formation of structure. Since the low Errer State is
already partially folded by PEG, we therefore expect a lower enthalpic gain accompanied by a
lower entropic penalty for folding, with these predictions clearly confirmed in Figure 8.8.
Moreover, the previous study has demonstrated that this pre-folded state has stronger lysine
affinity and thus higher tendency to fold,* which agrees completely with the rapidly decreasing
lysine dissociation constants (Kp and Kq) by PEG observed in our detailed kinetic analysis
(Figure 8.4). It is worth noting that a similar mechanism of solute facilitating folding by “pre-
organization” of the unfolded state has also been observed in several riboswitch systems, 26 34 45
The addition of a postulated pre-folded state provides a more reasonable and plausible
mechanism with which to explain the present kinetic and thermodynamic data. Since the
thermodynamics of lysine riboswitch folding is dominated by rapid equilibrium between the two
low Erret (unfolded/prefolded) conformations, we lose the information on the PEG-RNA
interaction except for the fact that PEG increases the overall riboswitch (pre-)folding. It’s been
previously shown that the interactions between PEG and nucleic acid secondary/tertiary
structures are predominantly entropic and therefore consistent with crowding via fundamental
excluded volume interactions.? In fact, it was surprising in this study to see any PEG-dependent
differential enthalpy effects for lysine riboswitch folding, as we do not expect significant
changes in thermodynamic properties between simple nucleic acid folding motifs to the more
complex structure of a riboswitch.*6-*” With the partially folded state included as part of the low

Errer population, we cannot rule out excluded volume effects as the predominant reason behind
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any PEG-dependent changes in riboswitch conformation, despite significant enthalpic
contributions to the overall thermodynamics. In fact, the observation that the lysine-saturated
folding (k1)/unfolding (k-1) rate constants increase/decrease, respectively, as a function of PEG

concentration is entirely consistent with simple crowding predictions.!* This prompted our
suggestion of an alternative albeit simple three-state (unfolded = ”prefolded” = folded) kinetic

mechanism whereby crowding is able to manifest itself via both enthalpic and entropic changes
in the thermodynamics, in addition to recapitulating the physically correct kinetic and

thermodynamic basis for PEG-promoted lysine riboswitch folding.

8.6  Summary and conclusions

We use the single molecule FRET methods to characterize the ligand-induced RNA
folding motif in response to common crowding agent PEG, for which PEG promotes the overall
RNA folding by increasing Kroig and decreasing Kunfoid Simultaneously. With detailed kinetic
analysis, we find the most prominent PEG effect is to facilitate the lysine binding and thereby
promote the overall structural change of the riboswitch. Such kinetic effects are consistent with a
simple physical picture of repulsive interactions between PEG and the surface of the riboswitch
and/or lysine. However, the reduced exothermicity and entropic penalty for folding observed in
the temperature dependent studies suggests that PEG preferentially solvates the unfolded state
due to its larger surface area.*® Such a discrepancy suggests the PEG effects cannot be simply
understood by the very common physical picture of purely “repulsive” solute-biomolecule
interactions. Further motivated by additional structural information from small Errer shifts, we
therefore propose a simple physical model with an additional “pre-folded” low Errer state that

nicely accounts for both the thermodynamic and kinetic findings. In the model, PEG prearranges
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the unfolded conformation of the riboswitch and shifts the Erret to slightly higher values, as
evidence in our single molecule Erret trajectories. From our kinetic analysis, we find the more
fold-like but ligand-free riboswitch has a much higher tendency to bind a lysine molecule and
proceed to fold. On the other hand, the partially formed riboswitch structure also reduces the
folding exothermicities and entropic penalties as seen in the temperature dependent studies.
Furthermore, the proposed three-state model provides an alternative mechanism for purely
entropic crowding to induce secondary changes in the overall RNA folding enthalpy that are
consistent with experimental observation. Although this will require confirmation by additional
single molecule temperature dependent studies, the net effect is an extension of simple excluded
volume models that can correctly predict both entropic and enthalpic contributions to the

crowding process occurring in cellular environment.
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Chapter 9

DNA Hairpin Hybridization under Extreme Pressures:

A Single-Molecule FRET Study

9.1 Abstract

Organisms have evolved to live in a variety of complex environments, which clearly has
required cellular biology to accommodate to extreme conditions of hydraulic pressure and
elevated temperature. In this work, we exploit single-molecule Forster resonance energy transfer
(FRET) spectroscopy to probe structural changes in DNA hairpins as a function of pressure and
temperature, which allows us to extract detailed thermodynamic information on changes in free
energy (AGP), free volume (AV?), enthalpy (AH?) and entropy (AS?) associated with DNA loop
formation and sequence dependent stem hybridization. Specifically, time correlated single
photon counting experiments on freely diffusing 40A DNA hairpin FRET constructs are
performed in a 50 um x 50 um square quartz capillary cell pressurized from ambient pressure up
to 3 kbar. By pressure-dependent van’t Hoff analysis of the equilibrium constants, AV° for
hybridization of the DNA hairpin can be determined as a function of stem length (nstem = 7-10)
with single base pair resolution, which further motivates a simple linear deconstruction into
additive stem (AV%em = AV%yp X Nstem) and loop (AV%eep) contributions. We find that increasing
pressure destabilizes the DNA hairpin stem region (AV%; = +1.98(16) cm®mol/bp), with

additional positive free volume changes (AV%o0p = +7.0(14) cm3/mol) we ascribe to bending and

*This chapter is adapted from: Sung, H.-L.; Nesbitt, D. J. DNA Hairpin Hybridization under Extreme
Pressures: A Single-Molecule FRET Study. J. Phys. Chem. B 2020, 124, 110-120.
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base stacking disruption of the 40A loop. From a van’t Hoff temperature dependent analysis of
the DNA 40A hairpin equilibria, the data support a similar additive loop/stem deconstruction of
enthalpic (AH® = AH %0p + AHC%tem) and entropic (AS® = AS%op + AS%em) contributions, which
permits insightful comparison with predictions from nearest neighbor thermodynamic models for
DNA duplex formation. In particular, the stem thermodynamics is consistent with exothermically
favored (AH%em < 0) and entropically penalized (AS%tm < 0) hydrogen bonding, but with
additional enthalpic (AH%o0p > 0) and entropic (AS%e0p > 0) contributions due to loop bending

effects and consistent with distortion of A base stacking in the 40A linker.

9.2 Introduction

Temperature and pressure are two intensive thermodynamic variables that play crucial
roles in the folding of biomolecules into biologically competent structures 12, Interestingly,
while the thermal dependence of biomolecular conformational change has been thoroughly
investigated, the effects of extreme hydraulic pressure have received much less attention. One
justification for such disparate attentions is that pressure is a relatively constant variable in
conventional biology, while temperature fluctuations are quite common and appreciated to be
much more important®. However, improved sampling tools in the last two decades*® has made
extreme biological environments increasingly available for study. As one particularly relevant
example, robotic deep sea exploration vehicles have revealed a plethora of thermophilic
organisms thriving in hydrothermal vents where extreme pressures and elevated temperatures
result from the rapid increase of hydraulic pressure with ocean depth (~ 1 bar every 10 meters)
and proximity to geothermal heat sources in the ocean bed. In fact, the much of the ocean bottom

is 3500 meters below sea level (i.e., P = 350 bars), with the deepest point in the Marianas Trench
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at 11km (i.e., P = 1.1 kbar). From such a perspective, high pressure biological environments are
in fact ubiquitous, with the dynamic range of pressures spanning more than three orders of
magnitude. This provides incentive for single molecule biophysical folding studies under
extreme (P/T) conditions, with which to explore how biology successfully adapts to (and
potentially even harnesses) such extreme variations in pressure and temperature?2 to influence

conformational folding/unfolding and/or hybridization/dehybridization dynamics.

Pressure and temperature are particularly powerful intensive variables for such

thermodynamic exploration. According to the Gibbs free energy differential expression,
d(AG®) = -AS%(dT) + AVO(dP) (Eg. 9.1)

the temperature dependence of an equilibrium process is determined by entropy change (AS?),
while the pressure dependent response is controlled by the free volume difference (AV°) between
folded and unfolded conformations®*. In the past decade, spectroscopic methods have been
coupled with high pressure techniques to study local/global changes of biomolecular structure® 3,
For example, proton exchange rates in solution phase NMR spectroscopy have been used to
probe pressure dependent structure formation in proteins®’, while small-angle X-ray scattering
experiments have allowed extraction of radii of gyration as a proxy for global compactness as a
function of applied pressure®'%. The single-molecule FRET spectroscopy (SMFRET, Figure 9.1)
could be particularly useful in detecting conformational change of biomolecules, given the
extremely rapid decrease in FRET energy transfer efficiency (Errer ~ 1/(1+(r/r0)®)) with distance
between dye-labeled positions, which may therefore be sensitive to conformational
compactness® 11, as well as overall folding of the biomolecule. Indeed, as external pressure can

significantly skew the folding free energy landscape!?3, biomolecules can adopt different



225

folding conformations under extreme vs. ambient conditions*™ **, which one could hope to

identify by Erret value in high pressure sSmFRET studies™.

The present studies focus on pressure dependent hybridization/dehybridization of single
molecule DNA hairpins, as a simple first introduction to high pressure SmnFRET. DNA hairpins
play an important role in biological systems®® and have been widely used as model constructs for
duplex formation, as well as probing the nucleic acid response to cosolutes such as amino
acids®, osmolytes® 1 1" and crowding agents®?!, The 40A DNA hairpin construct utilized in
the present studies (Figure 9.2) is ideally suitable for smFRET investigation because i) folding is
known to proceed by well-behaved, unimolecular 2-state kinetics'® 8 and yet ii) the poly(dA)
linker acts as a sufficiently long spacer to provide high Erret contrast between the folded and
unfolded conformations. Free volume changes in SmFRET DNA hairpin studies have been
explored recently, suggesting that the fully hybridized DNA conformation is destabilized (i.e.,
denatures) with increasing pressuret® 14 18 While these previous studies have focused on the free
volume change (AV?) in response to different crowding agents and cosolutes, the effects of
sequence, specifically, the dependence of free volume on stem sequence length (nstep) and
chemical identity (A, T, G, C), have remained largely unexplored. Furthermore, the process of
DNA hairpin folding not only requires secondary structure formation in the stem region, but also
forces the single-stranded DNA loop domain into a more compact ring-like conformation. Since
both stem and loop regions represent ubiquitous structural elements in nucleic acid folding?*-%,

the successful deconstruction and simple theoretical modelling of their free volume contributions

could provide intriguing, new physical insight into the thermodynamics of nucleic acid structure.

In this work, we report on the development of new high pressure SmMFRET capabilities in

our labs with access up to 5 kbar external pressure. We then perform “burst diffusion” smFRET
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experiments over an extreme pressure (1-3000 bar) and a modest temperature (AT ~ 10K) range,
which permit one to extract thermodynamic properties for a series of fluorescently labelled 40A
DNA hairpin constructs. For pressure dependence studies, a manual pressure generator is
coupled to a square (50 um x 50 um) quartz capillary sample cell (Figure 9.1), which can sustain
from 1 bar up to 5000 bar in pressure without shattering. Such large dynamic ranges in pressure
enable measurement of free volume changes i) at the single molecule level and ii) with
approximately single base pair resolution. Analysis of the nucleotide sequence dependent
equilibrium constants for hybridization as well as comparison to nearest neighbor predictions?42°
allow us to extract free volume (AV?), enthalpy (AH?), and entropy (AS®) changes in stem
formation, which both isolate and highlight additional contributions to loop formation for each

thermodynamic quantity.

The organization of this paper is as follows. In Sec. 9.3, we present a detailed discussion
of the sSmFRET apparatus, with capabilities for both extreme pressure (1-5000 bar) and modest
temperature (2040 °C) control, with pressure/temperature and sequence dependent results on
40A DNA hairpin constructs reported in Sec. 9.4. In Sec. 9.5A we analyze and interpret the stem
length and sequence dependence of the high pressure results and present a simple model for
interpreting these data which permits systematic deconstruction of stem (AVstem) and loop
(AVi00p) free volume contributions. In Sec. 9.5B and 9.5C, we explore temperature dependence
of 40A hairpin formation, specifically deconstruction of AG® into enthalpic and entropic
contributions by van’t Hoff analysis. The resulting thermodynamic contributions prove
consistent with a simple physical picture of i) exothermic bonding (AH® < 0) yet ii) base stacking
in the duplex stem to achieve a more ordered (AS° < 0) secondary structure?. The results are

then compared to nearest neighbor (NN) model predictions (AHNNgtem, ASNNgtem) for DNA stem
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formation?*2°, which intriguingly suggest 40A loop formation to be endothermic (AHio0p > 0)
and yet favored by entropic gain (ASieop > 0). Finally, main conclusions and directions for further

experimental improvements are briefly summarized in Sec. 9.6.
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Figure 9.1 High pressure SmFRET experiment setup: (A) High pressure generating system
coupled to the confocal microscope for sSmFRET freely diffusing study; (B) Top view of the square
capillary alignment to the microscope objective and the high pressure mechanical sealing strategy.
9.3  Experiment
9.3.1 High pressure microscopy cell and pressure control

The current high pressure SMFRET experiments (Figure 9.1) have been performed by
modification of a time correlated single photon counting confocal microscope to incorporate a
high pressure glass capillary cell?’. As one crucial design change, we use square instead of round
capillary tubing made from fused silica, with 360 pum and 50 um outer and inner diameter,
respectively (Polymicro, Phoenix, AZ). This is used to contain the high pressure sample for

microscope studies, with thickness and relatively flat surfaces to mimic a standard cover slip and

thereby optimize collection of fluorescent photons!4. Although studies have previously warned
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that such square capillaries might fail at pressures over 2 kilobars?’, we find this not to be the
case, working well beyond this limit and indeed up to nearly 5 kilobars without signs of
fracturing. However, we have learned that sealing the capillary end with a oxy-propane torch can
at times result in breakage at high pressure, likely due to unresolved strain in the fused silica due
to intense heating (and cooling). In our experience, such problems are mitigated by a simple

tempering of the glass capillary ends, as described below.

First of all, one end of the capillary is glued with epoxy adhesive into a modified
stainless-steel pressure plug (High Pressure Equipment, Erie, PA) with a 450 um hole drilled
through the center (Figure 9.1B) and the opaque outer polymer coating of the capillary removed
by a low temperature propane flame to create optical access for the fluorescent measurements.
Loading of the low concentration DNA samples is then achieved by immersing one end of the
capillary into the sample hairpin solution. Once the capillary is filled by capillary action, the free
end opposite the plug is sealed with an oxy-propane torch. Since the mechanical strength of the
fused silica can be compromised by heating/cooling, we utilize an extended heating time to
create an inner channel tapered into a needle point in the interior of the glass, thereby reducing
the contact surface area and thus the total force on the sealed end. Prior to coupling to the high
pressure liquid source, the plug-attached open end of the capillary is dipped into low viscosity
silicone oil to create a thin immiscible layer, which prevents contamination of the fluorescence
capillary region by the pressure-transmitting fluid and yet still conducting the pressure
effectively. The sample is then connected to the high pressure source system by tightening the
high pressure plug and gland nut, during which the flat surface of the square capillary is visually
aligned with the microscope objective eyepiece. Since the capillary rotates slightly with the

gland nut while being tightened, a cover slip is attached to the capillary with tape to mark the
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correct capillary orientation (Figure 9.1B). After tightening the gland nut, the cover slip is then
rotated back to the desired flat surface orientation, gently torqueing the capillary to realign its flat
surface with the microscope objective. Although this last step might seem practically equivalent
to fixing the capillary orientation before tightening the gland nut, the sudden rotation tends to
loosen the tape and misalign the capillary. Indeed, strong adhesives may also work well, though

we find the tape method easier and faster to apply.

The source of high pressure is simply a manually operated piston screw pump (High
Pressure Equipment) which can generate pressures up to 5 kilobars (Figure 9.1A). As adapted
from previous work?"-28, the pressure generator is connected to the sample cell and a Bourdon
pressure gauge via high pressure 1/4" stainless steel tubing (High Pressure Equipment), with the
entire system filled with ethanol as the pressure-transmitting fluid. Residual air bubbles in the
ethanol decrease the pressuring efficiency, which are removed by repeatedly flushing the system
through liquid ethanol reservoirs (Figure 9.1A). The valves are then closed to isolate the fluid
reservoirs, with simple mechanical rotation of the piston achieving a desired pressure (0-5 kbar),

as indicated by the Bourdon pressure gauge.

9.3.2 Temperature control

Precise temperature control (£ 0.1 °C) is achieved by simultaneously heating the capillary
sample and microscope objective and stabilizing the temperature with electronic feedback loop.
Prior to each temperature-controlled experiment, the sample holder is mounted on a stage heater
(Instec, Boulder, CO) and stabilized via feedback control for more than 15 minutes to ensure
complete thermal equilibrium. At the same time, the microscope objective is heated by a resistive
collar (Bioptechs, Butler, PA) to the same temperature to prevent thermal gradients due to water

immersion optics. Details of the resistive feedback heating system can be found elsewhere 2°-%,
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Figure 9.2 Details of the DNA hairpin SmFRET constructs: (A) Schematic representation of DNA
hairpin folding; (B) The structural details of the complementary strand, with systematic variations
in the duplexing sequence beyond 7-bp denoted in red (A) and green (G). The location of Cy3
labeling with respective to the duplexing sequence at 3’ end is highlighted in green, and CyS5 is
chemically attached to the 5’ end.
9.3.3 DNA 40A hairpin construct and sample preparation

All DNA hairpin constructs in this study contain the identical 40-nucleotide poly-adenine
linker (designated as 40A Hairpin), with the number of base pairs within the stem varying from
nstem = 7-10. The overall construct design, doubly fluorophore-labeled positions, and stem
sequences are described in Figure 9.2, with each of the DNA oligomers commercially available
in HPLC purified forms (Integrated DNA Technologies, Coralville, IA). In the “folded” state of
the hairpin, the stem is fully hybridized by complementary Watson-Crick base pairing, bringing
the two fluorescent dyes Cy3 and Cy5 in close proximity to achieve the high Erret (~ 0.8) state.
Conversely, dissociation of the duplex stem “unfolds” hairpin, which allows the covalently

linked dye-labeled strands to diffuse to much larger (~ 80 A) separations, resulting in a Errer

state near zero. The observed range of Erret Values are entirely consistent with predictions based
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Figure 9.3 Sample data and analysis from the freely diffusing SmFRET studies: (A) Sample time
resolved fluorescent signals from 532 nm laser excitation, with upward green and red traces
corresponding to Cy3 and Cy5 fluorescence channels, respectively. The pink trace due to 633 nm
alternating laser excitation (ALEX) of the diffusing constructs is plotted downward for direct
comparison with the 532 nm excitation signals, confirming the presence (or absence) of the Cy5
fluor. (B) Single events in the fluorescence traces, where arrows point at the fluorescent bursts
corresponding to (1) an unfolded doubly-labeled hairpin, (2) a Cy3-only, (3) Cy5-only and (4)
folded doubly-labeled construct. (C) Sample Errer histogram of the 9-bp (AT) hairpin folding at
ambient pressure, fit to a superposition of two Gaussians. (D) Sample Erret histogram of the 9-bp
hairpin folding at a series of external pressures, revealing a reversible propensity for unfolding
with increasing Pext (1-2500 bar).
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on the Cy3/Cys5 Forster radius (Ro = 55 A), construct geometry, and results from previous
surface-tethered SMFRET experiments®. There is a 10A-biotin oligo extension on the 3> end
after the duplexing sequence, designed for future attachment of the 40A hairpin constructs to a
BSA surface by biotin-streptavidin interactions. For simplicity in these first high pressure
experiments, however, we have simply chosen to allow the constructs to freely diffuse in
solution through the laser beam, exploiting “burst fluorescence” methods to stochastically probe
the single 40A hairpin oligos present in the confocal volume.

In preparation of the sSmFRET samples, the stock DNA solution has been diluted in
imaging buffer to ~ 50 pM, such that fluorescent bursts result exclusively from single doubly-
labeled DNA constructs diffusing through the confocal volume. The imaging buffer contains i)
50 mM hemipotassium HEPEs buffer (pH 7.5), ii) Trolox/PCA/PCD oxygen scavenger cocktail
to catalytically remove oxygen'® 3 and thereby increase Cy3/Cy5 dye photostability, with iii)
sufficient NaCl to achieve total monovalent cation concentrations of [M*] = 100 mM.

9.3.4 Single-molecule FRET spectroscopy and data analysis

Details of the confocal SMFRET experimental apparatus can be found in previous work3>
32 In short, the output from a 532 nm Nd:YAG laser (10 ps pulses at a 20 MHz repetition rate) is
beam expanded, collimated, and directed into an inverted confocal microscope with a 1.2 N.A.
water immersion objective. The collimated beam overfills the limiting microscope aperture,
resulting in a near diffraction limited excitation and collection spot size (1/e? radius mo = 310(30)
nm). In the current SMFRET diffusion experiments (Figure 9.1A), the laser is focused into a
solution of doubly dye labeled 40A DNA at sufficient dilution (~ 50 pM) to ensure that only a
single DNA molecule diffuses through the observation window at a time, thereby generating

typically an isolated ~ 1 ms burst in fluorescent signal (Figure 9.3A and 9.3B). The resulting
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photons are collected through the same objective, sorted by wavelength (green/red) and
polarization (horizontal/vertical) before detection on four single photon avalanche photodiodes
(APDs). A 50 um pinhole spatial filter before the APD detection unit is used to restrict out of
focus photons along the (z) photon propagation direction to achieve a sub-femtoliter detection
volume. For each fluorescent burst above the 25 KHz photon/sec software adjustable count rate
threshold (i.e., 10-fold higher than background noise in an equivalent 1 ms burst window), an
ErreT Value is obtained from the number of green vs. red photon counts detected, after suitable
correction for background and cross talk contributions with in-house software®" 2, Since the
double fluorophore labelling efficiency for the DNA constructs is high but imperfect (> 90%),
alternating laser excitation methods (ALEX) with interleaving green and red laser pulses are
used to ensure only bursts from doubly-labeled DNA constructs are included in the Erret
distributions®. 2, By way of example, the series of events flagged by arrows in Figure 9.3B and
numbered from 1 to 4 can be unambiguously sorted into fluorescent bursts corresponding to 1)
unfolded yet doubly labeled, 2) Cy3 only labeled, 3) Cy5 only labeled, and 4) folded doubly
labeled DNA constructs, respectively.

Once the Erret value of each burst event from doubly-labeled DNA has been computed,
an Errer histogram is generated (Figure 9.3C). Note that the Erret value is calculated as 1a/(1a+
Ip), where Iap is the total acceptor/donor signal after background fluorescence and detector
crosstalk corrections. For the DNA hairpin constructs in this study, the Ergret histograms exhibit
two distinct populations with low Erret (~0) and high Errer (~0.8), corresponding to the
unfolded and folded conformation, respectively®. The Errer distribution is then fit to a sum of
two Gaussian functions, with the folding equilibrium constant readily calculated from the ratio of

areas under each component?® 313334 \We have observed for each hairpin construct the
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maximum folded fraction to be around 80%. This actively folding fraction is consistent with our
surface-tethered SmFRET experiments, for which 80% of the DNA hairpin constructs actively
fold/unfold, with the remainder are trapped in the low Erret configuration. Quantification of the
non-folding subpopulation is thereby achieved by comparing surface-tethered results with freely
diffusing studies?® 33, with such subpopulations subtracted from the equilibrium constant
calculation, as detailed in previous work?® *3, The resulting folding equilibrium constant (Ksoq) is

then obtained from this corrected data and used for further thermodynamic analyses.

9.4  Results and Analysis
9.4.1 Pressure dependence of DNA hairpin folding

The free volume taken up by a biomolecule will vary as a function of conformation,
which in turn will control the effect of external pressure on biomolecular folding®*. By
differentiating the expression for Gibbs free energy, we can express the pressure dependence of

the folding equilibrium constant as®

alTleold —AVO

( 9P )r = RT Eqg. 9.2

where R is the gas constant and AV® denotes the change in free volume upon folding: AV® = Vo
- Vunfold. According to Eq. 9.2, folding is promoted by increasing pressure when AV° < 0, and
reduced by pressure when AV? > 0. As expected from Le Chatelier’s principle, stress due to
increasing pressure is partially relieved by shifting the equilibrium toward the direction of
smaller volume®. Eq. 9.2 can be integrated at constant T to predict the simple function

dependence of Krog 0n external pressure

—PeytAVO
RT

—PeytAVO

In Kroa(P) = o

+C or Kroa(P) = exp( + C), Eqg. 9.3
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where C is the integration constant. Note that C can be completely decoupled from the pressure-
dependent term.

To explore the pressure dependence of DNA hairpin folding, SmFRET experiments have
been performed over a wide range of external pressures (Pext = 1 bar to 3000 bar) inside fused
silica square capillaries coupled to our high pressure compression apparatus. The sample Errer
histogram reveals two distinct populations with Errer ~ 0 and ~ 0.8 (Figure 9.3C), corresponding
to unfolded and folded states of the DNA hairpin construct, respectively. As the external pressure
rises, the folded (unfolded) population decreases (increase), respectively. This implies that
increasing pressure favors the unfolded state of the DNA hairpin and thus a positive change in
free volume (AV? > 0) (Figure 9.3D). Such pressure induced unfolding or “denaturation” has
been experimentally observed in previous bulk ensemble studies of nucleic acids® and proteins®
%, However, the physical reason behind why AV® > 0 is far from obvious, since one might at first
expect nucleic acids and proteins to adopt more compact conformations upon folding. Though
still controversial*®=°, one of the simplest interpretation would be that the folded structure
generates more hydrophobic regions which exclude the solvent shell, generating “solvent voids”
and therefore taking up greater volume; an equally plausible explanation is that the increase in
solvent accessible surface area of the unfolded state facilitates solvation with a more compact
solvent structure, which translates into AV® > 0 and thus correctly predicts the pressure-induced
denaturation of biomolecules®®-,

The pressure dependences of DNA hairpin folding with different stem sequences are
plotted in Figure 9.4A, which display the expected linear dependence (i.e., Eq. 9.3) of In[Kroid]
VS. Pext and provides clear evidence that the 40A DNA hairpin constructs unfold with increasing

pressure. Note the systematic upward shift in these curves with increasing stem sequence length,
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Figure 9.4 Pressure dependence of folding for a systematic series of DNA hairpins: (A) Pressure
effects presented in a van’t Hoff plot of In[Kroiq] Versus Pex:, for which the slope yields the free
volume change due to DNA stem hybridization (AV° = V%4 — Vonold). (B) Volume changes upon
folding (AV?) as a function of number of base pairs in the duplex stems, which reveal a remarkable
linear dependence on nseem; (C) Extrapolation of this linear dependence on stem length to nseem = 0,
thereby isolating free volume contributions (AV%o0p) to DNA hybridization from formation of the
40A loop.

which is in almost all cases consistent with the exponential increase in Krg predicted with
additional free energy release due to incremental base pairing. The only exception to this trend is
evident in the nearly overlapping Kroig trendlines for the 7-bp and 8-bp constructs, which occur
because the additional stabilization due to the extra base pair (nstem = 7 VS. 8) Is counteracted by
the terminal d(G-C) pair being replaced by the less stable d(A-T) (Figure 9.2B) in the 7-bp and
8-bp constructs, respectfully.

For nearly incompressible fluids, AV° remains approximately constant over wide pressure

ranges®®; hence the data for each stem sequence can be linearly fit to Eq. 9.3 in order to obtain
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accurate free volume changes upon folding (AV®) as a function of hybridization length. Although
the slopes appear quite similar for each data set, upon closer inspection, systematic differences
are visually apparent. By way of more quantitative comparison, least squares fitted slopes (AV?)
of Figure 9.4A have been plotted against the number of base pairs in Figure 9.4B and 9.4C.
Though the slope uncertainties are appreciable, the overall trend in the data is quite clear; AV°
increases smoothly and quasilinearly with number of base pairs within the duplex stem. This can
be rationalized by a roughly linear growth in solvent-inaccessible “voids” and hydration volume
with each additional DNA base pair in the stem sequence. Most importantly, pressure induced
measurements of AV exhibit a sensitivity to stem length that is clearly at the single base pair
level of resolution.

If we interpret this quasilinearity as arising solely from solvent inaccessible regions in the
stem, the data suggest a deconstruction of the free volume change into a simple additive sum of
stem and loop contributions with a AV resolution close to the single base pair difference, the
average volume change per base pair AVstem = AVbp*Nstem 1S determined to be AVyp = 1.98(16)
cm?®mol/bp (base pair), which is consistent with previous values (AVpp = 2.1(4) cm*/mol/bp)
obtained from high-pressure UV melting experiments on poly[d(A-T)] DNA*’-2, Moreover,
despite the impressively small fractional uncertainties in AV° obtained from these least squares
fits, the 9-bp hairpin with a weaker terminal d(A-T) base pair is experimentally indistinguishable
from the 9-bp hairpin with a stronger terminal d(G-C). Thus, although the incremental free
volume changes due to increasing stem length are unambiguously determined in this study, the
corresponding effects due to a stronger d(G-C) or weaker d(A-T) terminal base pairing appear to
be 5 to 10 fold smaller and obscure any finer differential effects at our current sensitivities due to

single base pair variance.



238

9.4.2 Temperature dependence of DNA hairpin Folding

Temperature plays an equally crucial role in both the kinetics and thermodynamics of
biochemical reactions, with nucleic acid structures known to be highly sensitive to temperature®,
In general, nucleic acids fold into more ordered states driven by exothermic interactions such as
hydrogen bonding and base stacking. Thus, by Le Chatelier’s principle, folding in nucleic acids
is generally but not exclusively unfavored by increasing temperature, with notable exceptions in
systems where the free energy changes are dominated by solvent vs. solute contributions3% 4445,
The temperature dependent unfolding of the DNA hairpins is shown in a van’t Hoff plot (Figure
9.5A), where In[Krod] is plotted as a function of reciprocal temperature (1/T). The data are well
fit to linear functions which allow us to deconstruct the full folding free energy (AG°) into

enthalpic (AH®) and entropic (AS°) contributions:

1AH?  AS©
anfold = —;T + 7 Eq 9.4

Note that the fractional temperature vs. pressure changes required to see comparable effects in
Kroig differ by orders of magnitude. This is due to the large change in entropy upon folding of a
complex biomolecule, which results in much larger thermodynamic free energy contributions
arising from TAS? vs PAV? under ambient physiological conditions. In the linear least squares
fits in Figure 9.5A, the positive slopes signal folding of the 40A hairpin folding to be exothermic
(AH? < 0) and therefore penalized by heating. Conversely, the negative intercepts from these fits
indicate a decrease in entropy (AS° < 0) during hairpin formation, consistent with the canonical
picture (stated above) of folding into a more ordered structure. However, one should always be
mindful that the measured thermodynamic response is determined by free energy change for the
entire system, which includes both structural effects from the biomolecules as well as the

surrounding solvent3 4647,
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Figure 9.5 Temperature dependent folding response: (A) Temperature unfolding effects for a for
the series of DNA hairpins presented as a standard van’t Hoff plot, with the slope (m = -AH® ) and
intercept yielding the enthalpy and entropy changes upon folding; (B) Enthalpy change (AH) as a
function of stem length (nseem, dark blue), as well as predictions (dark red) from nearest neighbor
model parameters; (C) Entropy change (ASP) as a function of duplex stem length (dark blue), in
comparison to the nearest neighbor model prediction for fully bimolecular stem formation (dark
red). The two additional points in (B) and (C) (light blue) correspond to data for an alternate 9-bp
construct with the 3° d(A-T) replaced by a stronger d(G-C) base pair. Corresponding enthalpy and
entropy predictions from nearest neighbor model predictions for bimolecular stem formation are
also shown (light red), which suggest a small increase in enthalpy and entropy change under
unimolecular stem formation conditions for a hairpin construct.

Thermodynamic results for AH? and AS? from van’t Hoff analysis for the nstem = 7-10-bp
and 9-bp (GC) series of constructs are summarized in Figure 9.5B and 9.5C, along with
predictions of the same quantities by nearest neighbor models?+25, Interestingly, these plots
explicitly demonstrate that AH® and AS° both decrease in approximately linearly fashion with the

number of base pairs (nstem) (Figure 9.5B), consistent with a heat release and change in disorder

roughly proportional to hybridization length. Also worth emphasizing, the 9-bp hairpin with a



terminal G-C base pair exhibits a noticeably larger incremental decrease in both AH? and AS®
than for the corresponding 9-bp hairpin sequence with a terminal d(A-T) base pair. This shift

arises as a result of a stronger d(G-C) vs. d(A-T) base pairing interaction, as consistent with

previous observations
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Figure 9.6 Subtraction of the stem length (nsem) dependent contributions from DNA double-strand
formation resulting in single-strand DNA looping (A) enthalpy (AH op), (B) entropy (ASCioep) and
(C) free volume (AV%00p) changes. The data is consistent with a simple linear offset for these loop
contributions, indicated by pink, green and orange dashed lines for enthalpy, entropy and free

volume, respectively.
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9.5  Discussion
9.5.1 Deconstructing free volume changes into DNA stem and loop formation

With the present experimental combination of i) high dynamic range of pressures and ii)
quantitative SMFRET measurements, we achieve single base pair resolution for the free volume
changes (AV?) incurred upon hybridization of a 40A DNA hairpin. Furthermore, when the
analysis is repeated for a series of stem junction sequences (see Figure 9.2), the data follow a
nearly linear trend with a slope AV%;p = 1.98(16) cm®mol/bp (Figure 9.4B), which is already
consistent with a previously reported (albeit less precise) value of AV%;, = 2.1(4) cm®mol/bp for
poly[d(A-T)] DNA hybridization obtained from high pressure UV melting experiments under
comparable monovalent cation concentrations®°. Although the effect of swapping a single base
pair (i.e., 9-bp AT to 9-bp GC) is indistinguishable for the present selection of stem sequences,
results from previous high pressure UV melting studies at a relatively low monovalent cation
concentration for poly[d(A-T)], poly[d(G-C)]*3, and poly[d(I-C)] (dI = 2’-deoxyinosine, a dG
like derivative) yield unit base-pair slopes of AV%%; - 1.42 cm®mol/bp, 4.57 cm®/mol/bp*, and
4.8(6) cm3/mol/bp*®, respectively. Specifically, the predicted free volume differences for single
d(A-T) and d(G-C) swaps in poly[d(A-T)] and poly[d(G-C)] would be AAV,, = 3.4 cm*/mol/bp.
This is significantly higher (20-fold) than our experimental uncertainty, yet no change is seen for
such an d(A-T) - d(G-C) single base-pair swap in our data. In contrast, a UV melting
experiment of mixed-base pair DNA with G-C content similar to our complementary sequences
has found AV%; = 1.8(2) cm®/mol/bp*?, in much improved agreement with our results. We
therefore suspect that AVp, may additionally depend upon interaction between neighboring base

pairs, resulting in excess values of AV%; for homonucleotide duplexes poly[d(G-C)] and
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poly[d(I-C)], which appear to be moderated in DNA duplexes with more mixed-base-pair
character.

If we extrapolate the linear relation between AV? and the number of base pairs, the
vertical intercept is clearly positive, well within experimental uncertainty (Figure 9.4C). This
indicates that there must be a free volume change AV? (0 bp) > 0 even in the absence of any base
pairing of the stem sequence. A simple additive model for this behavior would suggest that the
overall change in free volume is given by

AV? = AV%em + AV%o0p = AV X N + AVOogp Eq. 9.5
where AV%q0p represents a contribution generated from loop formation of the single-stranded
poly(dA) DNA linker. Specifically, the results suggest an increase in the effective DNA volume
(AV%i00p = +7.0(14) cm®mol) when the DNA linker forms a loop structure**°, which at first
seems counterintuitive. However, it is also well established that single stranded poly(dA) is
appreciably structured due to spontaneous base stacking between adjacent adenine bases, a
stacking which would be disrupted upon folding of the hairpin 1-*° due to loop distortion. The
data therefore suggest that the closely stacked adenine bases occupy less volume than free bases,
and therefore when the base stacking is disrupted, the effective volume occupied by the single-
strand DNA increases, thus resulting in a positive volume change contributed from DNA linker
looping (AV%o0p > 0).

Although positive AV, seems to imply the longer DNA double strand is more
susceptible to pressure denaturation effects, we have found the free energy stabilization per base
is more than an order of magnitude higher than the pressure-volume perturbation even at the
bottom of the Marianas Trench (~ 1.1 kbar). Thus, it is true that the stability of DNA duplex is

increased with the number of base pairs at any pressure in nature (on earth). However, such
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pressure perturbation can significantly affect the local stability of a DNA double strand,
especially when the DNA needs to unzip (partially melt) to participate in biochemical reactions
such as DNA replication and transcription. Therefore, the deep sea species may alter the cellular
osmolyte compositions to accommodate the high pressure environments®®. It has been found
deep sea fish accumulate high level of TMAO in their muscles®®>’, while TMAOQ is also shown
to not only stabilize DNA secondary structures®®, but reduce AV° to mitigate the pressure
effects!®: 18, Moreover, high pressure may also destabilize RNA structures and greatly affect their
biochemical functions. For example, the gene regulatory elements RNA riboswitches can be
extremely sensitive to pressure, due to the fact that they dynamically fold into different
conformations to control the gene expression. The deconstructed volume contributions from stem
(AV%tem) and loop (AV%e0p) determined in this work may help to predict the more complicated
RNA folding in the future.

Although more work clearly needs to be done, our results suggest both the double-strand
stem and the single-strand loop significantly contribute for the 40A hairpin construct to the
pressure dependent response for the overall folding thermodynamics. Hairpin structures are
ubiquitous in nucleic acids'™ °, the response for which may help us understand pressure effects
on more complex nucleic acid folding in extreme environments?®. From our volumetric analysis,
the positive AVOop is consistent with the disruption of base stacking within the poly(dA) linker,
indicating adjacent base stacking reduces the free volume of single-stranded DNA. On the other
hand, the positive AV tm suggests the DNA duplex formation increase the free volume. The two
main forces that govern the structure of double-stranded DNA are inter-base-pair hydrogen
bonding and base-stacking. The overall positive sign for AV m implies that inter-base-pair

hydrogen bonding and perhaps higher-order structure formation (e.g., major and minor grooves)
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reduce solvent accessibility to the DNA backbone and thus lead to larger free volume®-?,
completely dominating the volume reduction by base-stacking.
9.5.2 Deconstruction of stem (AHstem) and loop (AHie0p) enthalpy changes

The enthalpy (AH®) and entropy (AS®) changes obtained from the temperature dependent
study in Sec. 9.4B are summarized in Figure 9.5B and 9.5C, respectively. For comparison, the
Figures 9.5B and 9.5C include predictions from the so-called nearest-neighbor models (NN),
which take into account free energy contributions due to hydrogen bonding between single base
pairs but also includes the additional base stacking and stabilization effects accrued due to
neighboring base pairs. The model parameters have been significantly improved and extended
beyond Watson-Crick pairs in the past two decades, and are now thought to provide reasonably
accurate predictions of all thermodynamic parameters (AG, AH and AS) for DNA duplexing®4?,

In Figure 9.5B, the experimental AH? values for hairpin folding and the nearest-neighbor
predictions for duplex stem formation from two separate DNA strands (AHaqupiex) Clearly exhibit
the same trend, specifically an increasing exothermicity with increasing number of base pairs.
(Figure 9.5B). However, there would also appear to be an equally clear and nearly constant shift
between the two data sets, with AH® - AHgupiex = 15 kcal/mol (Figure 9.5B and 9.6A). In a manner
similar to linear deconstruction of free volume changes (AV? = AVCem + AVP00p) into stem and
loop contributions, it is interesting to speculate how such an enthalpy shift could again arise by
virtue of the loop formation. Specifically, the offset between the two experimental and
theoretical enthalpy curves can be attributed to differences between i) full bimolecular formation
of a stem (i.e., from separate ssDNA’s) and ii) unimolecular diffusing of the two stems together
to form a hairpin linked by the poly(dA) strand, the latter of which incurs additional enthalpic

(and entropic, see Sec. 9.5C) contributions due to loop formation in the single-stranded DNA
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linker. From this perspective, subtraction of AH%tm from AH® (Figure 9.6A) would correspond
to the additional loop formation enthalpy AHC0p, Which from the fits in Figure 9.5B can be
estimated to be AH%o0p ~ +15(2) kcal/mol. If we further assume this additional enthalpy penalty
to be proportional to linker length, the looping enthalpy per nucleotide (AHCj00p/40 nt ~ +0.38(5)
kcal/mol/nt) would be relatively close to previously reported scaling relations (AHCo0p per nt ~
+0.5 kcal/mol/nt) at comparable monovalent salt concentrations®®. The source of such
endothermicity could again be attributed to disrupted base stacking and distortion in the
poly(dA) ssDNA loop°°. Indeed, since a near-linear proportionality in incremental folding
enthalpy has been observed in previous studies for constant stem lengths with linkers varying
between 8 to 30 nucleotides®?, our 20% lower per nucleotide value can be rationalized as due to
partial relaxation of these looping distortions for a longer (40A) linker. Moreover, different
buffer conditions may also contribute to our low AH q0p; specifically, our experiments have been
performed at lower monovalent cation concentration ([M*] = 100 mM vs 250 mM). This is quite
relevant as base stacking is repressed at reduced [M*]%2, thereby lowering the AH%o0p enthalpic
penalty and as consistent with our observations. It is worth noting that such positive AH%o0p
contributions again confirm that 40A loop formation is an endothermic process, enthalpically
destabilizing the folded hairpin conformation.
9.5.3 Deconstruction of stem (ASstem) and loop (ASioop) entropy changes

We can take this analysis one step further and attempt to deconstruct the entropic
contributions for hairpin formation into both loop and stem components. In an analogous fashion
to the trends in AH® (Figure 9.5B), the experimental dependence of AS° on sequence length
(Figure 9.5C) follows a similar trend to that of nearest neighbor model prediction?*%°, with AS°

systematically decreasing with increasing number of base pairs. The experimental results are
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again all shifted from model predictions by an approximately constant positive offset, which by a
similar line of reasoning as in Sec. 9.5B may be taken to represent the entropic contribution due
to poly(dA) loop formation, i.e., AS%ep = +25(7) cal/mol/K (Figure 9.6B). Such entropic
favoring of the looping process would again appear to be counterintuitive, since constraining the
ends in a random walk or worm like chain model would certainly lower the overall entropy*®-°,
However, in interpreting such an entropically favored loop formation, it is important to note that
the poly(dA) linker contribution is more than simply structural. Specifically, the poly(dA) linker
also plays a crucial role in raising the effective concentration of the one strand (Sz) with respect
to its complement (S1) and vice versa. Therefore, AS%q0p may be usefully deconstructed into two
further contributions: i) structural changes due to the biomolecule plus solvent system (AS truct)
and ii) unimolecular raising of the effective strand concentration (AS%onc), with AS%eop = AS%conc
+ AS%struct.

More quantitatively, the difference between the unimolecular folding equilibrium
constant (Kroig) from covalently linked strands, i.e., what is experimentally measured, and a fully
bimolecular duplex formation (Kpimor) from freely diffusing Si, S strands, i.e., what is predicted

by the NN model, can be related as follows:

[S152] [S152] 1 1
. = = X — = X —. . J.
Kbimot [$11[S2] — [S1] © [S2] Kyota [S2] Eq. 9.6

where [S1], [S2], and [S1S2] are concentrations of the two strands and the full hairpin,
respectively.

For experimental folding of the 40A hairpin, an additional term of RTIn[S2]o between
unimolecular and bimolecular folding free energies can be immediately recognized from the
Gibbs relation AG® = -RTInKse4. Such concentration effects are purely entropic, as the linker

provides a physical limit to the phase space which Sz can sample. The effective [S2]o can be
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estimated from random walk theory, where the 40A linker is simplified into a collection of N (~
9) “Kuhn segments,” with the angular orientation of a given Kuhn segment taken as completely
random and independent from adjacent units®3-, The per volume probability density of the end-
to-end distance for a random-walk polymer P(r) is known to be well described by a Gaussian
function®®, with P(r = 0) immediately recognized as the probability of S1 and S; diffusing
together. Therefore, the effective concentration is simply determined by matching the encounter
probability P(0) with a bulk concentration [S2]o. With previously determined persistence lengths
and sizes of a single nucleotide base®”-"°, the effective concentration [Sz]o is calculated as
0.74(17) mM, corresponding to an additional entropy change of AS%onc = +14.7(5) cal/mol/K.
The positive sign of AS%onc reflects the thermodynamic favoring of unimolecular over
bimolecular folding due to entropic enhancement of the local strand concentration.

Consistent with our simple additive thermodynamic modeling, we can subtract this
concentration entropy AS%onc from the average linker contribution (AS%o0p) to infer an overall
AS%iruet = +10(7) cal/mol/K for structural change in the poly(dA) linker plus solvent system. The
positive value for AS%%uct implies an entropy increase when linear DNA turns into a loop via
head-to-end connection. This entropy gain is at first counterintuitive, since looping structure
would be expected to restrict conformational phase space with respect to a linear configuration*®-
%0 However, looping can also disrupt the low entropy state achieved by base stacking effects in
the poly(dA) oligo. Consequently, distortion of base stacking due to loop formation could
rationalize the observed entropy increase, arising from both translation and internal degrees of
freedom such as bond rotation’*. Indeed, such entropically favored unstacking between
nucleotide bases has been previously reported for poly(dA) as well as between monomer A

bases’t"2. Of course, the solvent entropy is an essential component of this estimate and must also
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be considered, since our measurements are only sensitive to entropy change of the combined
solute + solvent system. However, solvation entropy would seem unlikely to explain the AS%ct
> 0, as compaction of the ring structure increases the overall charge density, subsequently
stronger hydration forces, a more ordered water solvent environment, and thus AS%ojent < 07374,
In short, the entropy gain from base stacking dissociation would appear to dominate the overall
favorable looping entropy, resulting in positive AS%ct. It is interesting to note that positive
entropy changes are also observed in detailed molecular simulation study by Mishra et al.”,
where the presence of a sSSDNA linker entropically stabilizes the folded hairpin due to more

prominent base stacking upon unfolding of the hairpin”.

i
Qﬂ)—- = {GL:% + — H
. = ) (9 bp)

hairpin poly (dA) loop double-helix
stem
9-bp (AT) AV° =7.0(14) cm3/mol
as an example AHO = 15(2) keallmol AV? = 17.8(14) cm®/mol
AH? = -61 kcal/mol
AS® = -175 cal/mol/K

Aso - ASOCO"C + Asoslrucl
=14.7(5) + 10(7)
= 25(7) cal/mol/K

Figure 9.7 Summary of our simple additive model for deconstruction of the stem length dependent
(9-bp (AT)) folding thermodynamics of a 40 A DNA hairpin.

In summary, the overall effect of the poly(dA) linker appears to be entropically favorable
to hairpin folding (AS%o0p > 0). Part of this contribution arises from AS%onc > 0 due simply to the
increase in effective strand concentration for linked polymers, which results in a larger effective
Ko under unimolecular vs. bimolecular DNA duplexing conditions. The remainder of the
entropy contribution can be attributed to conformational changes in the linker, whereby the
disruption of base stacking in the poly(dA) linker relaxes the configurational confinement in

translational and internal degrees of freedom during looping, resulting in AS%truct > 0. In the end,
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subtraction of AV %tem = AV%;p(= +1.98(16) cm®mol/bp) x n from the overall change of the free
volume AV? is also plotted in Figure 9.6C to highlight the loop contribution AV%qqp. In the
context of this simple additive model, the thermodynamic properties (change in free volume,
enthalpy, and entropy) of the isolated 9-bp stem and 40 A loop are schematically summarized in

Figure 9.7.

9.6  Summary and conclusion

The thermodynamic properties (AH?, AS® and AV®) of DNA hairpin folding have been
studied via SmMFRET spectroscopy as a function of temperature, external pressure (1-3000 bar),
and base pair stem length. In the temperature dependent studies, folding of these 40A DNA
hairpin constructs is found to be exothermic (AH® < 0) with an entropic penalty (AS° < 0), with
pressure-induced unfolding experiments indicating that the DNA hairpin takes up more volume
in the folded vs. unfolded state (AV° > 0). With such high dynamic range in external pressure
control (Pext = 1 bar to 3000 bar), changes in free volume with single base pair resolution has
been achieved, allowing AV? for the DNA hairpins to be linearly deconstructed into stem (AVZ%;
= +1.98(16) cm®/mol/bp) and loop (AVCeep = +7.0(14) cm®/mol) contributions by analyzing the
dependence on length and complementary sequence. Based on predictions (AH%tem and AS%em)
from a nearest neighbor model, both AH® and ASP for the full DNA hairpin can thereby be
deconstructed into stem and loop contributions. It is found that single strand loop formation is
endothermic (AH%o0p = +15(2) kcal/mol) and yet compensated by positive entropic gain (AS%oop
= +25(7) cal/mol/K), where the looping endothermicity can be attributed to the disruption of base
stacking in the poly(dA) linker. In the context of a simple additive thermodynamic model, this

positive ASC%q0p can be further deconstructed into contributions due to unimolecular enhancement
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in the effective strand concentration (AS%onc = +14.7(5) cal/mol/K), with the remainder attributed

to structural changes in the loop (AS%uct = +10(7) cal/mol/K) arising from the disruption of base

stacking relaxing external (i.e., translational) and internal (i.e., hindered rotational) constraints.
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Chapter 10

High Pressure Single-Molecule FRET Studies of the Lysine Riboswitch:

Cationic and Osmolytic Effects on Pressure Induced Denaturation

10.1 Abstract

Deep sea biology is known to thrive at pressures up to = 1 kbar, which motivates
fundamental biophysical studies of biomolecules under such extreme environments. In this work,
the conformational equilibrium of the lysine riboswitch has been systematically investigated by
single molecule FRET (SmFRET) microscopy at pressures up to 1500 bar. The lysine riboswitch
preferentially unfolds with increasing pressure, which signals an increase in free volume (AV? >
0) upon reverse folding of the biopolymer. Indeed, the effective lysine binding constant increases
quasi-exponentially with pressure rise, which implies a significant weakening of the riboswitch-
ligand interaction in a high-pressure environment. The effects of monovalent/divalent cations
and osmolytes on folding are also explored to acquire additional insights into cellular
mechanisms for adapting to high pressures. For example, we find that although Mg?* greatly
stabilizes folding of the lysine riboswitch (AAGP < 0), there is negligible impact on changes in
free volume (AAV? ~ 0) and thus any pressure induced denaturation effects. Conversely,
osmolytes (commonly at high concentrations in deep sea marine species) such as the
trimethylamine N-oxide (TMAO) significantly reduce free volumes (AAV® < 0) and thereby
diminish pressure-induced denaturation. We speculate that, besides stabilizing RNA structure,

enhanced levels of TMAO in cells might increase the dynamic range for competent riboswitch

*This chapter is adapted from: Sung, H.-L.; Nesbitt, D. J. High Pressure Single-Molecule FRET Studies of
the Lysine Riboswitch: Cationic and Osmolytic Effects on Pressure Induced Denaturation. Phys. Chem.
Chem. Phys. 2020, 22, 15853-15866.
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folding by suppressing the pressure-induced denaturation response. This in turn could offer
biological advantage for vertical migration of deep-sea species, with impacts on food searching

in a resource limited environment.

10.2 Introduction

The effective free volume of a biomolecule can vary substantially upon folding, mainly
due to changes in accessibility of hydrophilic regions and compactness of the resulting water
configuration'. Consequently, the equilibrium between each conformation can be modulated by
pressure, according to Gibbs free energy: AG? = AU® —TAS? + PAV® > Although pressure is
often a relatively benign variable in biology, pressure dependence of folding is extremely
important to deep sea marine species, as a result of the rapid increase of hydraulic pressure with
ocean depth (~ 1 bar every 10 meters). In fact, multiple organisms have been found thriving in
the deep sea and some even at the bottom of the Mariana Trench’, where pressure at the deepest
point is P =~ 1.1 kbar. It is thus of considerable interest to investigate not only the biophysical
response of biomolecules to pressure fluctuations, but also the molecular strategies developed by
deep sea organisms to accommodate extreme pressures and changes in pressure by vertical
migration. As an explicit focus of this work, we combine single molecule fluorescence
microscopy tools in a high pressure apparatus to explore the folding dynamics of RNA

riboswitches.

As a simple test construct for such studies, riboswitches are noncoding mRNA elements
that can regulate their shape and gene expression in response to the specific presence of small

molecular ligands.®1° The aptamer domain of a riboswitch structurally changes to selectively
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capture a specific ligand molecule(s), with which the gene expression platform may toggle
between “on” and “off”” conformations and thus result in disparate regulatory outcomes. In order
to optimize gene regulation, therefore, the folding equilibrium of a riboswitch must be delicately
modulated by a multitude of external variables such as external pressure, temperature, and
concentrations of monovalent/divalent cations and osmolytes. Although external pressure might
seem only a relatively small perturbation, typical free volume changes associated with DNA
hairpin formation with only 7-10 bp (say, AV® ~ 25 mL/mol) translate into free energy changes
of ~ 0.6 kcal/mol ~ KT at 1 kbar pressures common to deep ocean marine life'l. To date,
pressure-dependent studies of nucleic acid folding have been largely limited to secondary
structure formation,'*1” with studies of higher order (tertiary) interactions only for the DNA G-
quadruplex*®2° and RNA tetraloop-tetraloop receptor (TL-TLR).2! This leaves the highly diverse
arena of RNA riboswitch tertiary structure motifs largely uninvestigated and ripe for further
exploration as a function of external hydrostatic pressure. In the present work, we have chosen
the lysine riboswitch?? (see Figure 10.1) as a model system to study the pressure dependent
effects on ligand binding and tertiary folding, both of which are among the most important

conformational transitions in biologically functional RNA.

To achieve these goals, we have recently converted our single molecule confocal FRET
(SmFRET) apparatus into a novel tool for biomolecular folding studies at high pressure (see
Figure 10.2)! 6-17.23 The present high pressure SmFRET measurements are performed in a
square (50 um x 50 um) quartz capillary sample cell, which due to relatively small surface area
of the inner capillary can sustain pressures up to 5 kbar without shattering’. Such a large

dynamic range of pressures enables us to obtain precise measurement of free volume differences
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upon nucleic acid folding (AV?), as well as changes in these free volumes (AAV?) in response to

various cationic and osmolytic buffer conditions.

biotin biotin

Figure 10.1 Single molecule FRET construct design for studying ligand-induced lysine riboswitch
folding. (A) Crystal structure of the lysine riboswitch. (PDB: 4ERJ) (B) Schematic representation
of lysine riboswitch folding and the energy transfer between Cy3 and Cy5 in each conformation.
(Left: unfolded,; right: folded)

The basic organization of this paper is as follows. Key aspects of the i) high pressure
confocal experimental apparatus, ii) construct design and preparation, and iii) sample data
analysis are presented in Sec. 10.3.1-3, followed by a detailed pressure dependent studies under a
variety of buffer conditions. Specifically, since both solvent and solute, in addition to the
biomolecule itself, can contribute significantly to the folding thermodynamics,?42 the pressure-
dependent response of the lysine riboswitch has been systematically studied as a function of

three classes of solutes: i) ligand (lysine), ii) monovalent (Na*) and divalent (Mg?*) cations, and
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iii) osmolyte (trimethylamine N-oxide, TMAQ) concentrations, as presented in Sec 10.4.1-4 First
of all, as the cognate ligand, lysine plays an obviously central role in lysine riboswitch folding,
which from previous detailed kinetic analyses?’ has been shown to be triggered by a single lysine
in a “induced-fit” mechanism, whereby the ligand first binds and then folds.?’?¢ Secondly,
nucleic acids interact strongly with cations, due to its polyanionic nature of the RNA polymer.
Thus, cationic solute species as Na* and Mg?* can not only result in compaction of a folded (or
unfolded) nucleic acid structure, but also significantly alter the hydration shell through partial
Debye shielding of the Coulomb interactions?®*°. Thirdly, TMAO is an osmolyte commonly
found in marine species®3?, with increasing accumulations in deep sea fish and amphipods.3*3*
Moreover, TMAO has been shown to act as a chemical chaperone® to stabilize protein®-3’ and
nucleic acids®®3° structures at ambient pressures, and to preserve enzyme activity at high
pressures*®4, These suggest TMAO to be a crucial “piezolyte” with which to counteract
pressure induced denaturation effects. Indeed, in the present work, we find that an increase in
TMAO results in a novel preferential stabilization of the folded riboswitch conformation at high
pressure (AAV? < 0), thereby counterbalancing the above-noted tendency for RNA to be
destabilized with increasing pressure, as discussed further in Sec. 10.5. Finally, the paper
presents summary results, possible directions for future investigation, and concluding remarks in

Sec 10.6.

10.3 Experiment
10.3.1 High pressure capillary sample cell and pressure control
These high pressure SMFRET experiments are made possible by introduction of a high

pressure glass capillary sample cell*' 1”23 into a time correlated single photon counting confocal
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microscope (see Figure 10.2).%? Specifically, for the sample cell we use square capillary tubing
made from fused silica, with ~ 360 pum and ~ 50 um outer and inner sidewall lengths,
respectively (Polymicro, Phoenix, AZ). Due to the small surface area of the inner capillary, the
cell can sustain repeated high internal pressure cycling up to 5 kbar without fracturing.
Moreover, the wall thickness (= 155 um) and relatively flat interior and exterior surfaces of the
square capillary mimic a standard cover slip and thereby optimize the excitation/collection

photon efficiencies for fluorescence studies.
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Figure 10.2 High pressure sSmFRET diffusing experiment setup.

To prepare a sample for high pressure SmFRET study, one end of the capillary is first
glued to a modified stainless-steel pressure plug (High Pressure Equipment, Erie, PA). A small
section of the opaque hydrocarbon polymer coating of the capillary is then removed by low
temperature propane flame oxidation to create a clear optical window for fluorescence excitation

and detection. We load the sample by capillary forces, simply immersing one end into the sample
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solution; once the capillary is filled, its free end (far from the pressure plug) is sealed by
momentary heating with an oxy-propane torch. Prior to coupling the cell to the high pressure
system, the open end of the capillary is dipped into low viscosity silicone oil to create a thin,
immiscible liquid layer. This prevents any contamination of the sample from the pressure-
transmitting ethanol and yet still conducts pressure effectively from the hydraulic press (vide
infra) to the single molecule detection volume. More detailed description of sample cell
preparation and alignment of the excitation/fluorescence microscope can be found in our

previous work®®,

The source of high pressure is a manually operated piston screw pump (High Pressure
Equipment) which can generate and deliver pressures up to 5 kilobars. The pressure generator is
connected to the sample cell and a Bourdon pressure gauge via high pressure stainless steel
tubing with 1/4" O.D. and 1/16” 1.D. (High Pressure Equipment, rated at 100,000 psi), with the
entire manifold using ethanol as the pressure-transmitting fluid. Prior to high pressure
experimentation, any residual air bubbles in the manifold are removed by repeatedly venting and
flushing the high pressure valves. The end-point absence of any residual air bubble is
unambiguously evidenced by dramatic increase in the pressurizing efficiency with manual

displacement of the piston screw pump.

10.3.2 RNA lysine riboswitch construct and sample preparation

The crystal structure of the B. subtilis lysC riboswitch aptamer is shown in Figure
10.1A%2, According to previous structural characterizations of the ligand-bound and ligand-free
lysC aptamer domain?? 4344 the lysine induced conformational change (Figure 10.1B) mostly
likely involves a change in the relative orientation of the P1 and P5 helices in response to ligand

binding at the five-way aptamer junction. Therefore, to optimize SmFRET contrast in the
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construct design, the Cy3 and Cy5 dyes are attached at the distal ends of P1 and P5, respectively
(Figure 10.1B).?” The three-strand lysine riboswitch SmFRET construct is specifically illustrated
in Figure 10.1B, with detailed RNA oligomer designs and synthesis methods available from our
previous lysine riboswitch studies under ambient pressure conditions.? In anticipation of future
SmMFRET studies, we have also incorporated an additional biotin modification at the extended P1
stem for tethering the RNA construct onto BSA-biotin/streptavidin modified surfaces, which will
restrict free diffusion and enable much longer observation times for studies of single molecule
kinetics. For maximum simplicity in these early high-pressure experiments, however, we have
chosen to not tether the construct to the surface. This allows the RNA riboswitch construct to
freely diffuse in the capillary cell through the laser beam focus, for which detection/sorting
fluorescence photon “bursts” (t ~ 1 ms duration) through dichroic filters onto avalanche
photodiodes permit statistical probing of the instantaneous biomolecular conformations by
SMFRET.

In preparation for sSmFRET sample solutions, the stock RNA solution is diluted in
imaging buffer to ~ 50 pM, i.e., sufficiently low that each fluorescence burst results exclusively
from only one doubly-labeled construct diffusing through the confocal volume. The imaging
buffer contains i) 50 mM hemipotassium HEPEs buffer (pH 7.5), ii) Trolox/PCA/PCD oxygen
scavenger cocktail to catalytically remove oxygen, iii) 25 mM KCI, 100 mM NaCl and 0.5 mM
MgCl; to provide background salt, and iv) sufficient lysine, TMAOQO, additional NaCl and MgCl.
to achieve the desired experimental conditions.

10.3.3 Single-molecule FRET spectroscopy and data analysis
The high pressure SMFRET experiment is based on a homebuilt inverted confocal

microscope setup with details described in previous work (Figure 10.2)*2. In short, a water
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Figure 10.3 Sample data and analysis. (A) Representative time-resolved fluorescence trajectories.
The green and red signals plotted upward correspond to Cy3 and Cy5 fluorescence channels,
respectively. The pink traces from 633 nm alternating laser excitation (ALEX) is plotted
downward for direct comparison to conform the presence (or absence) of the Cy5 labeling. (B)
Detailed fluorescent traces displaying individual fluorescent events: (1) folded doubly labeled, (2)
Cy3-only and (3) Cy5-only labeled construct. (C) Sample Erret histogram of the lysine riboswitch
folding with [lysine] = 2.0 mM at increasing pressure. Each set of data is fit to a two-Gaussian
function where the high and low Errer populations correspond to folded and unfolded
conformations of the lysine riboswitch respectively. (D) The In(Ksoiq) Vs P plot where the slope
yields the free volume change during folding AV°.
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immersion objective with 1.2 NA tightly focuses the collimated incident beam into a nearly
diffraction limited spot (1/e? radius = 310(30) nm). The resulting fluorescent photons are
collected through the same objective, sorted into spatially distinct color/polarization channels
with dichroic filters/polarization cubes before being detected by an array of four single-photon
counting avalanche photodiodes. Since the double fluorophore labelling efficiency is < 100%,
alternating laser excitation methods (ALEX) with interleaving green and red laser pulses are
used to rigorously ensure that only bursts from doubly-labeled RNA constructs are included in
the FRET energy transfer efficiency (Errer) distributions.?” 4> Sample fluorescence traces are
exhibited in Figure 10.3A and Fig. 10.3B, with the ALEX signal plotted downward (pink) to
distinguish it from the upward FRET (green/red) emission channels. By way of example, the
series of photon events flagged by arrows in Figure 10.3B and numbered from 1 to 3 can be
unambiguously sorted into fluorescent bursts corresponding to 1) doubly labeled, 2) Cy3 only
and 3) Cy5 only RNA constructs, respectively.

Integrated over the full burst diffusion time, the Errer value (Erret = 1a/(1a + Ip)) for
each event from doubly-labeled DNA is computed and used to generate a Erret histogram
(Figure 10.3C). The lysine riboswitch histogram clearly reveals two distinct populations with
low Errer (~ 0.3) and high Erret (~ 0.7) states, which corresponds well with predictions for
unfolded and folded conformations, respectively.?” Therefore, data are fit to a two-Gaussian
distribution function with the center and width of the high Erret peak floating globally (Figure
10.3C).2"*5 As a function of hydrostatic external pressure, the unfolded population clearly
increases while the folded population decreases (see Figure 10.3C). The relative abundance of
the two states can be quantified by taking the ratio of the areas under the two fitted Gaussian

functions to obtain the riboswitch equilibrium constant for folding. Note that under saturating
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lysine/salt concentrations, the maximum fraction of free diffusing riboswitch constructs folded is
only 71(8) % of the value obtained from direct single-molecule observation of an immobilized
construct (see Figure 10.4). This fraction is in good agreement with previous reported values of
67(3) % in earlier riboswitch studies restricted to a narrower range of [lysine] due to time
resolution limits.?” As shown previously, such discrepancies between the diffusing and
immobilized measurements occur because a small fraction (28(4) %) of the constructs are stuck
in long lived misfolded states, with only 72(4) % actively undergoing conformational

transitions.?” Thus, accurate extraction of single molecule equilibrium constants (Krola) is
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Figure 10.4 Lysine dependent folding at the ambient pressure obtained from smFRET (A)
diffusing and (B) surface tether experiments. Data of fraction folded and ksoiq are fit to the Hill
equation with floating Hill coefficients n = 0.93(16) and 1.12(17), respectively, consistent with the
expected ligand binding stoichiometry from crystal structure data. In smFRET diffusing
experiments, the max folded fraction is observed as 0.63(6) at saturating [lysine]. In surface tether
experiments where the lysine-dependent folding and unfolding rates can be obtained by prolonged
observation of the fluorescence signals from a single construct at a time, the Kunfoid is found
independent of [lysine] as 0.213(14) s and the kroia is determined as 1.51(13) s* at saturating
[lysine], leading to the steady state folded fraction as 0.88(9). The difference in fraction folded
(29(8) %) between the diffusing and surface tether measurements is made up by the subpopulaion
of constructs that are incapable of folding (28(4) %) from the previous raster scanned image.
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obtained after correction for the inactive non-folding subpopulations,*’ with these corrected

values used in all further analyses.

10.4 Results and analysis
10.4.1 Pressure-induced denaturation of the lysine riboswitch

The systematic decrease in the folded (high Errer State) construct population as a
function of increasing pressure (Figure 10.3C) clearly indicates that folding of the lysine
riboswitch is energetically disfavored at high pressure. We can quantitatively express the

pressure dependence of this folding equilibrium constant from®

aanfold —AVO

5 1= Eq. 10.1

where R is the gas constant and AV denotes the change in effective free volume upon folding:
AV® = Vioid - Vunold. The pressure induced denaturation we see experimentally signifies that AV°
> 0, e.g. the effective free volume increases upon folding. Such a free volume change can be
further quantified by a In(Kfroia) vs pressure “van’t Hoff” plot (Figure 10.3D), for which Eq. 10.1
predicts a slope of -AVY/RT. In Figure 10.3D, the free volume change of lysine riboswitch
folding at [lysine] = 2 mM is extracted from a linear least squares fit to be AV® = +75(3)
mL/mol.

The positive sign of this free volume change may seem at first counterintuitive. The
folded RNA state is generally thought to be more compact in size, but such intuitions are only
valid for the solute and ignore the complete solute + solvent system. The positive AV® values
therefore arise from changes not just in the biopolymer solute itself but in the effective volume of
the surrounding solvent and solvent accessibility'*. For example, unfolded RNA presents a less

shielded polyanionic conformation to the solvent, which therefore becomes more hydrated due to
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larger solvent-exposed surface area. This could in general result in a more highly ordered
hydration shell with smaller effective volume and therefore a AV° > 0 upon refolding*-4°.
Alternatively, folding with more tertiary/higher order contacts can create hydrophobic voids that
exclude water molecules, which would also contribute to the folded state occupying an
effectively larger volume with AV® > 0.2 We note that a similarly counterintuitive effects also
occur in high pressure studies of protein folding, which routinely indicate pressure induced
denaturation effects consistent with AV > 0.4° One clear take home message from the
anomalous sign of AV? for nucleic acid and proteins is that coupled solute + solvent dynamics
must play an exceedingly important synergistic role and cannot be ignored.

It is also worth noting that these AV® ~ 75(3) mL/mol free volume changes in the lysine
riboswitch are an order of magnitude larger than the AV® ~ 5 to 9 mL/mol values obtained from
bulk fluorescence studies of the RNA tetraloop-tetraloop receptor (TL-TLR) at high pressures
over a series of buffer conditions.?! However, given that multiple tertiary structure formations
are involved in lysine riboswitch folding, these differences become much easier to rationalize?.
Indeed, the lysine riboswitch construct is a much more complex RNA folding motif than the
simple TL-TLR system, with a multi-helix junction connecting 5 mutually interacting stem-
loops. Moreover, the lysine riboswitch also has a larger molecular size (~ 6 kDa) comparable to
that of a small protein. Thus, the AV° values measured for the lysine riboswitch are in fact

comparable with values measured for small proteins (=~ 50-150 mL/mol) over a similar range of

molecule weights (10-20 kDa).5%-5!

10.4.2 Pressure-dependent effects on ligand-induced folding of the lysine riboswitch
Binding of the cognate ligand lysine to the 5-way junction promotes the folded state of

the riboswitch and thus brings stem 1 and stem 5 in close proximity (Figure 10.1B).?’ The
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association of a lysine molecule has been previously identified to be crucial for conformational
change of the lysine riboswitch through an “induced-fit” (i.e., bind-then-fold), mechanism,?’
suggesting a well-defined ligand-bound folded conformation.?® We are therefore naturally
interested in the role of ligand in promoting or decreasing the pressure stability of the well-
established ligand-riboswitch interaction. The pressure dependence of lysine riboswitch folding
has been studied as a function of [lysine] from 0.5 to 8 mM. Since lysine (side chain pKa = 10.5)
is already positively charged in our buffer (pH ~ 7.5), this could in principle influence the
riboswitch stability due to Debye shielding effects in the Na* and Mg?* cation studies reported
below. To specifically isolate the ligand-aptamer interactions from the less ligand-specific effects

due to the positive charge of lysine, the dynamic range of lysine concentrations explored has
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Figure 10.5 Pressure dependence of folding at series of ligand (lysine) concentrations. (A) In(Kfolq)
vs P plot where the parallel lines indicate constant AV°. (B) The insensitivity of folding AV° to
lysine concentration where the error bars are visually magnified by two with the vertical break.
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therefore been restricted to < 10 mM, i.e., more than an order of magnitude lower than typical

[Na*] values (> 100 mM) previously shown necessary to promote nucleic acid stability.*? 52

The pressure dependence of Krq as a function of [lysine] is displayed as a logarithmic
plot in Figure 10.5A, with each set of data well fit to a linear function predicted by Eq. 10.1. By
visual inspection, the slopes remain relatively unaffected, while the intercepts all vertically shift
upwards with increasing [lysine]. Stated alternatively, the presence of lysine significantly
stabilizes the folding of the lysine riboswitch, and yet with negligible effect on any change in the
free volume (AAV? = 0). The results are more quantitatively summarized in Table 10.1, where
AV? is plotted in Figure 10.5B as a function of [lysine]. Figure 10.5B demonstrates the
remarkable insensitivity of AV to lysine concentrations (note the break in the vertical axis,

visually magnifying any such lysine dependences by a factor of two).

[lysine] (mM) 0.5 1.0 2.0 4.0 8.0
0
(Ar:I/L/mol) e 73(3) 75(3) 74(3) 76(3)

Table 10.1 AV° obtained at increasing [lysine]

For ligand-induced riboswitch folding, the dissociation constant is a common measure of
the ligand-RNA interaction strength,> where K is equivalent to the lysine concentration at the
point of 50% folding, i.e., where [folded] ~ [unfolded] and thus In(Kfoid) = 0. One should note
that Kq represents an apparent dissociation constant, since the actual ligand binding and
riboswitch folding event (which triggers the FRET change) could in principle be decoupled and

separated in time.?® Conveniently restated, we can therefore empirically determine the
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corresponding 50% pressures (Psos%) for which [lysine] equals Kq from the data in Figure 10.5A,
obtained from the intersection of each least squares fit with In(Ksld) = 0. For example, the x-
intercept for [lysine] = 0.5 mM corresponds to Psos% ~ 221 bar (see Figure 10.5A), which implies
that at 221 bar applied pressure, the lysine riboswitch is 50% unfolded and thus Kq ~ 0.5 mM. In
this fashion, the results in Figure 10.5A can be more usefully replotted as Kgq vs applied pressure
(see Figure 10.6), where we have included the value (Kq = 0.31(10) mM) determined from
concentration dependent folding at ambient pressure (see Figure 10.4). Interestingly, Figure 10.6
reveals that the dissociation constant Kq increases dramatically and indeed roughly exponentially
as a function of increasing pressure. On the one hand, this result follows immediately from the
fact that the plots in Figure 10.5A are linear and free energies scale as the logarithm of
equilibrium constants. On the other hand, our simple restatement of the data in terms of the
apparent lysine Kq suggests a subtler interpretation — that external pressure weakens the apparent
binding/binding-induced folding of lysine to the riboswitch. Furthermore, this behavior predicts

that weakening of the RNA-ligand interaction becomes exponentially more significant at higher
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Figure 10.6 Pressure effects on apparent Kq of lysine binding. Kgq increases exponentially with
pressures, suggesting riboswitch-ligand interactions are efficiently weakened at high pressures.
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pressure. For example, at the bottom of the Mariana Trench (= 1.1 kbar), Figure 10.6 predicts
that Kq will be increased by 3 orders of magnitude (= 300 mM), signaling much higher [lysine]
required to achieve biochemically competent folding of the riboswitch. Due to such strong
denaturation influences, one anticipates the need for deep sea organisms to develop adaptive
mechanisms to counteract pressure in order to maintain correct biochemical function,3'-*? a point

to which we will return and discuss further in Sec 10.5.3.

10.4.3 Cation effects on pressure dependent folding of the lysine riboswitch

Nucleic acids are highly negatively charged polymers, with one phosphate group per
nucleotide and which therefore interact strongly with solute cations. It has been well established
that mono- and divalent cations are crucial to stabilizing the native structure of a nucleic acid
riboswitch, with tertiary interactions in the riboswitch folding particularly sensitive to
physiologically important multivalent cations such as Mg?*.2%-30. 5457 \We thus are naturally
interested in both monovalent and divalent cation effects on the pressure dependent response of
the lysine riboswitch. To explore the monovalent cation effects, the pressure dependence on
riboswitch folding is first studied as a function of [Na*] at constant divalent ((Mg?*] = 0.5 mM)

and ligand ([lysine] = 0.5 mM) concentrations (Figure 10.7A). Interestingly, over the

[Na*] (mM) 125 250 500
AV® (mL/mol) 71(4) 72(5) 76(6)
[Mg?] (mM) 0.5 1.0 15
AV® (mL/mol) 71(4) 69(6) 72(6)

Table 10.2 AV° obtained at increasing monovalent (Na*)/divalent (Mg?*) cation concentrations.
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physiologically relevant scale of [Na*] from 100 to 500 mM, the effects are quite similar to that
of lysine, i.e., with the slopes in Figure 10.7A predicting essentially negligible dependence of
free volume change on Na*. Indeed, the slopes are indistinguishable within experimental
uncertainty, which from the above lysine analysis indicates that i) AV° is independent of Na*
over physiological range and ii) the dependence of Krold On pressure is insensitive to [Na*] from
ambient up to 1 kbar. These AV? results are quantitatively summarized in Figure 10.7B and
Table 10.2, with the data confirming that both the folding equilibrium constant and its pressure-

dependent response remain relatively constant over the range of physiologically relevant [Na™].
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Figure 10.7 Pressure dependence of folding at series of Na* concentrations. (A) In(Krold) vs P plot
where folding shows negligible dependence on [Na*]. (B) [Na*] (in)dependence of AV°.

We next turn to the effects of divalent Mg?* on this pressure dependent riboswitch

folding. Once again, the slopes (see Figure 10.8) in each of the plots of In(Krq) vs P plots are
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equal within experimental uncertainty. This is equivalent to the statement that there is no Mg?*
dependence to free volume changes observed upon folding of the lysine riboswitch, as more
quantitatively captured in the nearly horizontal data plot in Figure 10.8B. This contrasts,
however, with the monovalent Na* results in that there are very significant effects on Ksog due to
the presence of Mg?* even at ambient pressure (Figure 10.8A). Note that the range of [Mg?*]
studied is nearly 3 orders of magnitudes lower than [Na*], again indicating much stronger Mg?*
stabilization effects on RNA tertiary structures and consistent with many previous studies.?%-3% 44
58 In the In(Kroid) Vs pressure plots in Figure 10.8A, the least squares fits reveal AV® to remain
nearly constant (as echoed in Figure 10.8B, Table 10.2), while the significant upward vertical
shifts in Figure 10.8A indicate that Mg?* strongly stabilizes the folded lysine riboswitch at all
pressures. We note that the independence of AV? on Na* and Mg?* demonstrated in Figure 10.7A
and 10.8A is quite different from previous studies, where AV° for DNA/RNA folding was found
to be sensitive to cations.?! % For instance, AV° for folding of the 40A DNA hairpin is reduced
from 11.5(35) mL/mol to 5.9(10) mL/mol with [Mg?*] increasing from 0.3 mM to 1.0 mM
(AAV? < 0),%° while the AV? of TL-TLR formation increases from 5(3) mL/mol to 9(2) mL/mol
with [Mg?*] increasing from 0 mM to 1.0 mM (AAV® > 0).2! Despite the fact that the pressure
denaturation is repeatedly observed (i.e., AV® > 0) for each nucleic acid structure, the differential
cation response (AAV?) can change sign depending on the interactions involved in the folding. A
simple framework with which to understand cation effects is by charge neutralization/association
between the cations and nucleic acids, resulting in a weaker hydration structure.®® At first this
would seem to predict a reduced AV at higher cation concentrations (AAV? < 0) as the hydrating
water molecules become less ordered.*®° However, just as for nucleic acid conformations, the

solvent configuration is also highly dynamic during nucleic acid folding; therefore, the additional
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Figure 10.8 Pressure dependence of folding at series of Mg?* concentrations. (A) In(Ksold) Vs P
plot where Mg?* greatly promotes folding, while leaving the slopes (AV?) mostly unchanged. (B)
[Mg?*] (in)dependence of AV°.

cations may preferentially interact with either the folded/unfolded state or only stay in the
bulk/hydration shell during folding. As a result, the presence of cations could give rise to
negative, zero or positive values of AAV? simply due to the redistribution of hydration at
different stages of folding.?"°® Such cationic association along the riboswitch folding coordinate
further motivates future pressure dependent analysis of the folding kinetics, which may provide

additional physical insights with which to help interpret such cation response from a structural

perspective.

Finally, the apparent lack of Na* influence on pressure dependent folding of the full
lysine riboswitch is noteworthy, since monovalent cations have been shown to promote

formation of the isolated TL-TLR folding motif at the hundred millimolar level.** 5! However,
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multiple tertiary contacts in the Tetrahymena thermophila ribozyme have been shown to be
unresponsive to Na* up to [Na*] = 1.5 M in previous X-Ray footprinting studies,>® suggesting
that Mg?* can be crucial to certain tertiary folding motifs such as bending at internal loops.*® 62 A
similar metal ion dependence can also be observed in the hairpin ribozyme® and its four-way
junction®, where from Egrer differences it appears that monovalent Na*-induced compaction
only partially folds the RNA in the absence of divalent Mg?*. Indeed, even simpler tertiary
folding motifs (such as the RNA kink-turn) may adopt different conformations in the presence of
Na* vs. Mg?*.6>%¢ Furthermore, the importance of Mg?* in the lysine riboswitch folding can be
seen in the strongly [Mg?*]-dependent Kq for lysine binding.?” 4344 Moreover, most of the
monovalent cation effects have been studied in the absence of multivalent cations.* In our
experiments, Na* must compete with 0.5 mM Mg?* to interact with the lysine riboswitch and

thus the results could be dominated by the more prominent Mg?* effects.®’

10.4.4 TMAO effects on the pressure dependent lysine riboswitch folding

We now return to the experimental dependence of the Kq ligand binding affinity on
external pressure. Many marine organisms accumulate small organic molecules known as
osmolytes inside cells to adjust cellular osmotic pressures against sea water.3* ¢ Much of these
osmolytes are thought to have cytoprotective roles to stabilize biomolecular structures against
environmental stressors such as temperature and pressure.®® Indeed, the TMAO contents of fish
and amphipods have been recently found to correlate strongly with ocean depth, further
corroborating the protective role of TMAO against hydraulic pressure®3-34. As a final focus of
this paper, we have explored the influence of TMAQO osmolyte concentration on folding of the

lysine riboswitch, with the hope of gaining additional molecular insight into the mechanism of
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TMAO stabilization on RNA tertiary folding of the lysine riboswitch and ligand binding under

extreme pressures.

The pressure dependent data for In(Krig) as a function of TMAQO concentration are
exhibited in Figure 10.9A. We focus first on results at ambient pressure, P ~ 1 bar, for which the
spread in intercepts indicates a moderate TMAO free energy enhancement in folding of the
lysine riboswitch over the range of physiologically relevant concentrations sampled (100 mM to
1200 mM). This modest TMAO dependent (3-4 fold) increase in Krolg is consistent with
previously characterized stabilization effects of TMAO osmolyte on nucleic acid structures®® "*-
1, However, it contrasts with the results obtained previously for lysine, Na* and Mg?* cosolutes.
This means that the free volume change for lysine riboswitch folding decreases significantly with
TMAO osmolyte (see Figure 10.9B and Table 10.3), indeed by nearly 50% by 1.25 M. Stated
alternatively, this means that the lysine riboswitch unfolds much less effectively (i.e. is more
stable) at higher [TMAOQ], with a difference in excess of 3-4 log units in In(Kriq) up at the

highest pressures observed.

E;I\I\//II?O] 0 250 500 750 1000 1250
AV
(mimoly "+ 63(4) 59(4) 54(4) 50(3) 4002)

Table 10.3 AV° obtained at increasing [TMAO]

The results in Figure 10.9A, B highlight two ways in which TMAOQO provides a protective

mechanism against changes in external pressure, which could be crucially important in
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Figure 10.9 Pressure dependence of folding at series of TMAO concentrations. (A) In(Kfold) Vs P
plot where TMAO promotes folding and effectively reduces the slope (AV?). (B) [TMAO]
dependence of AVP. AV? decrease linearly with [TMAO] concentration.

maintaining accessibility of marine species to wider range of vertical depth profiles. Firstly, the
compaction of curves in Figure 10.9A near ambient pressures indicates that TMAO increases
folded lysine riboswitch stabilities only relatively modestly (=~ 3-4 fold), which could be crucial
to preserving biochemical function of the riboswitch.3* ¢ This differs specifically from the more
dramatic dependence of riboswitch stability on Mg?*, which strongly favors riboswitch folding
and thus completely switches the gene regulation on or off. Instead, TMAO at ambient pressures
only shifts the equilibrium moderately toward the folded state. As a consequence, this allows the
riboswitch to dynamically shift between two comparable free energy conformations and thereby

still efficiently regulate gene expression.
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As an important secondary effect, however, the incorporation of TMAO into the cell
systematically decreases the slopes in Figure 10.9A and thus creates an exponential sensitivity of
Kroig ON pressure. As a result, what are only modest riboswitch stabilization effects under low
pressure ambient conditions grow exponentially stronger at higher pressure. More quantitatively,
the slopes and intercepts in Figure 10.9A indicate that [TMAQ] = 1250 mM achieves an
equivalent lysine riboswitch folding stability at ~ 800 bar as obtained at ambient pressures in the
complete absence of TMAO. This may signal an elegant strategy behind controlled build-up of
osmolytes such as TMAO in cells. Specifically, it promotes biomolecular folding under high
pressures and yet also maintains the requisite “on-off” two-state riboswitch sensitivity to lysine

over a wider range of ocean depth profiles and external pressures.

10.5 Discussion

10.5.1 Pressure denaturation of lysine riboswitch folding

The pressure dependence of our biomolecular folding is dominated by the positive free
volume difference between the folded and unfolded conformations (AV® = Vg — VOunfold = + 74
mL/mol), which according to Le Chatelier’s principle, predicts pressure-induced denaturation.®
The physical reason why AV? > 0 for the lysine riboswitch is not immediately obvious, since
folded conformations of biopolymers are generally considered to be more compact. However,
one must remember that measured AV values represent changes for the entire solute + solvent
system, for which the solvent can contribute significantly to the overall AV For instance,
solvent voids can be generated due to formation of hydrophobic contacts upon folding, which
can decrease the solvent accessible volume and result in a net outward displacement of the

solvent (AV? > 0).2 Alternatively, the unfolded RNA conformation can expose the polyanionic
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backbone to more solvent (water) and thus can form a more compact hydration shell.*3-#° Since a
more highly ordered hydration structure for the unfolded conformation takes up less volume,*8-4°
this could translate into an increase in free volume (AV® > 0) as the riboswitch folds and partially
disrupts these water contacts. The potential for competition between solute vs solvent volume

changes makes unambiguous deconstruction of the contributions to AV° challenging. However, it

is the case that pressure-induced denaturation effects (which require AV° > 0) have been noted in

ensemble studies of many other protein and nucleic acid systems.* 72

Pressure-induced denaturation of the lysine riboswitch is clearly indicated in each of the
In(Krold) Vs. pressure plots in Figure 10.5-9, where negative slopes correspond to AV? > 0 (Eq.
10.1). Interestingly, an increase in [lysine] stabilizes the folded conformation predominantly by
parallel translation of the curves with negligible changes in the slope, consistent with AAV® ~ 0
(Figure 10.5). What makes this particularly interesting is that it had been previously shown that
the lysine riboswitch folding follows an “induced-fit” (bind-then-fold) mechanism and therefore
its folded state is well characterized as ligand-bound?’-?¢, This would imply that any [lysine]
changes must therefore correlate with ligand binding to the unfolded conformation. As a result,
the fact that AAV? with respect to lysine is experimentally small could reflect that the unfolded
conformation is dominated by one of the two ligand-bound or ligand-free association states. This
looks not to be the case, however, as a dissociation constant Kp = 1.7(5) mM for the unfolded
conformation has been determined from previous single molecule kinetic studies.?” which
predicts both ligand-bound and ligand-free states to be significantly present at [lysine] ~ 0.5-8
mM. Thus, the measured independence of AV® on [lysine] indicates the volumes of the ligand-

bound and ligand-free unfolded states to be experimentally indistinguishable. It is also worth
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noting that the uncertainties in AV® are < 5 mL/mol, i.e., less than 1/3 the volume of a single

water molecule.

From the pressure dependent folding data in Figure 10.5, we obtain the apparent
dissociation constant Kgq for lysine and the corresponding 50% folding pressures (Psos%) with
which to characterize the pressure dependent riboswitch-ligand interaction. Since AV is
approximately independent of [lysine], Kq increases nearly exponentially with P (Figure 10.6),
clearly demonstrating that external pressure impedes cognate ligand-induced folding of the
lysine riboswitch. This pressure-dependent binding constant for lysine decreases rapidly, with Kg
predicted at the bottom of the Mariana Trench to be 3 orders of magnitude larger (Kq ~ 300(60)
mM) than at ambient pressures (Kq ~ 0.31(10) mM). These results demonstrate that high pressure
significantly disrupts the riboswitch-ligand interaction, which in deep sea species must therefore
be compensated by some other protective mechanism (e.g., osmotic enhancement) in order to
maintain cellular function. Finally, we note that these SmFRET burst fluorescence studies only
report on the apparent dissociation constant Kq through observation of overall riboswitch
folding. More specifically, we cannot rule out whether the increase in Kq occurs by a i) pressure-
dependent decrease in ligand affinity or ii) pressure-dependent efficiency of the resulting ligand-
promoted conformational change, although such questions should be addressed by single

molecule kinetic studies on tethered constructs.
10.5.2 Cationic effects on the lysine riboswitch

The equilibrium for lysine riboswitch folding exhibits only a quite modest dependence on
[Na*] under both ambient and high-pressure conditions. Not only is the free volume change AV°

effectively independent of [Na*], but the riboswitch folding equilibrium constant (Kria) is largely
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constant over the entire physiologically relevant range ([Na*] = 100-250 mM). Since charge
neutralization and Debye shielding is an essential prerequisite for RNA forming compact
structures® '3, this is a bit surprising. Indeed, although monovalent cations are found to be less
effective than divalent cations in stabilizing RNA tertiary structure, they are often still able to
promote RNA folding at sufficiently high concentrations.®® 46 ® However, as discussed in Sec.
10.4.3, not all tertiary contacts in a full ribozyme can be effectively promoted by monovalent
cations alone,*® %39 suggesting Mg?* to be essential for RNA structure formation.®? Moreover,
these Na* dependent studies have been explored in the presence of [Mg?*] = 0.5 mM in order to
effectively promote the lysine binding.?"*® It is unclear how Mg?* competes with Na* to
neutralize/solvate the RNA; thus the overall monovalent cation effects may still be dominated by

Mg?*, which is known to interact strongly with RNA.%’

By way of contrast, Mg?* is known to strongly promote RNA structure formation and has
been shown in previous studies to be essential for lysine riboswitch folding,?? 2”43 primarily in
promoting tertiary contacts and pre-organizing the ligand binding site.** It is thus not surprising
that Mg?* strongly stabilizes the folded lysine riboswitch, as evidenced by strong upward
displacement of the semilogarithmic plots in Figure 10.8A. Instead, it is the parallel nature of
these curves as a function of Mg?* (which implies an Mg?*-independent change in AV?) that
becomes most noteworthy. Interestingly, although only a limited nucleic acid systems have been
studied as a function of external pressure, AV® values for nucleic acid folding have been found to
be small and [Mg?'] sensitive.?! > For example, AV for secondary structure formation in a DNA
40A hairpin is reduced from 11.5(35) mL/mol to 5.9(10) mL/mol between [Mg?*] = 0.3 mM -
1.0 mM,*® while AV for folding of the tetraloop-receptor tertiary interaction motif is increased

from 5(3) mL/mol - 9(2) mL/mol between [Mg?*] = 0.0 - 1.0 mM.2! As described in Sec. 10.4.3,
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such sign reversals in AAV® may result from preferential interaction of Mg?* with folded vs.
unfolded RNA conformations. This again provides additional motivation for high pressure
kinetic studies at the single molecule level, which would permit further thermodynamic
deconstruction of these equilibrium constants into forward (folding) and reverse (unfolding) rate

constants over a transition state barrier.

Despite an RNA construct-dependent sign of AAV? with respect to divalent cation
concentration, the data in Figure 10.8A make clear that Mg?* strongly stabilizes lysine
riboswitch folding. In principle, this additional stabilization could also be used to protect lysine
riboswitches from pressure-induced denaturation under deep sea conditions. However, the
riboswitch gene regulatory mechanism relies on efficient, high dynamic range “switching”
between on- and off-states of comparable free energy, triggered by presence or absence of the
cognate ligand.® Therefore, overzealous stabilization of one of the two conformations by Mg?*
would shift this equilibrium and therefore be less desirable for robust riboswitch competency.
This could represent yet another reason why marine species do not accumulate divalent salts to
modulate their cellular osmotic pressure, as these species could significantly perturb riboswitch

equilibria and therefore biomolecular function.34
10.5.3 Osmolytic protection against pressure denaturation

As described in Sec. 10.4 and above, common monovalent (Na*) and divalent (Mg?")
cations exert a negligible influence on free volume changes (AAV® ~ 0) due to lysine riboswitch
folding. As a result, modulation of cation concentrations should have little impact on riboswitch
folding equilibria as a function of external pressure. Instead, marine species have evolved to

accumulate small highly polar organic molecules (“osmolytes”) to help achieve the correct
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osmotic balance between cellular and external environments.®* Unlike inorganic cations, these
osmolytes do not significantly alter biomolecular folding equilibria and may also protect the cell
from multiple environmental stressors such as temperature and pressure.®® Trimethyl amine
oxide (TMAO) is one of the most common of these osmolytes, empirically known to be crucial
for survival of organisms at extreme deep sea pressures.®® Indeed, TMAO concentrations in fish
and amphipods increasing quasi linearly with ocean depth up to as high as [TMAQ] = 0.5 M.3%34
TMAO has explicitly been shown to protect proteins and DNA helices from pressure-induced
denaturation,>® " while effects on the stability of RNA tertiary folding under pressure have
remained largely unexplored. Although the precise biological mechanism for protection against
high external hydrostatic pressure in deep sea bacteria is still unclear, our current study of
TMAO pressure-induced denaturation of the lysine riboswitch highlights some useful principles
for identifying potential “piezolytes,” which can hope to counteract external pressure effects by
not only stabilizing biomolecular folding of the riboswitch but also reducing pressure sensitivity

to riboswitch folding formation by control of AAVY.

From pressure dependent plots of In(Krold) vs. [TMAO] (see Figure 10.9A), the folded
lysine riboswitch is stabilized (i.e., Krq increases with [TMAO]) all the way down to ambient
pressure (1 bar). There are three closely related predictions and corollaries from Figure 10.9A
that bear emphasizing, all arising from the simple observation in Figure 10.9B of a negative
AAV?, 1) First and foremost is that the pressure dependence becomes weaker (i.e., the slopes
become shallower) with increasing [TMAOQ]. 2) The corollary is that increasing [TMAQ] does
not shift folding equilibria as dramatically at low vs. high pressure conditions. As a result, the
concentration/pressure “phase space” over which In(Kid) ~ 0 and thus riboswitch functionality

is maximized, which can be argued is an essential characteristic of a good osmolyte. 3) The third
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implication is that the In(Kriq) plots naturally fan out with increasing P, and thus by control of

TMAO levels, permit access to an exponentially larger dynamic range for osmolytic stabilization
of the riboswitch under elevated pressure conditions. The combination of these three predictions,
all fundamentally arising from AAV® < 0, therefore extends the biochemically functional range of

the lysine riboswitch for gene regulation over a greater dynamic range of pressures.
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Figure 10.10 Accessible pressure range for the lysine riboswitch as a function of [TMAOQ],
normalized to the corresponding pressure range at [TMAO] = 0. The grey solid line corresponds
the pressure range without osmolyte effects. The red solid line represents predictions from the fit
of the [TMAQ] dependence of AV® with m = -0.0228(18) mL mol* mM™. The dashed lines
indicate effects due to the uncertainty in m on the pressure range as a function of [osmolyte]: 50%
larger (dark red) and 50% smaller (pink) m values.

We attempt to capture this point in Figure 10.10, based on the pressure range over which
the lysine riboswitch properly functions. We can roughly estimate this range as AP = Pmax-Pmin
whereby Kroig changes by some small factor «, which based on elementary thermodynamics of
reversible work (P ~ A(AG%)/AVY), translates into AP ~ 2RTIn(x)/AV®. Next, we least squares fit
the [TMAO] dependence of A(AV?) in Figure 10.9B to a simple linear function AV°(0) +
m[osmolyte] (AV°(0) = 70.6(13) mL/mol, slope m = -0.0228(18) mL/mol/mM). The explicit

influence of TMAO on pressure dependent folding can therefore be plotted as AP for finite
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[TMAQ] normalized to AP(0) at [TMAQ] = 0, which from Figure 10.10 can be seen to increase
nearly 70% over [TMAQO] = 0.00 M -1.25 M. Finally, it is worth noting that this normalization
process yields results conveniently independent of the arbitrary choice of k. The results,
however, do indicate the correct sensitivity to the experimentally fitted slopes, which predict an
enhanced pressure range (AP/AP(0) > 1) for negative values of m. The sensitivity of the pressure
range to the osmolyte effects (m) is also illustrated in Figure 10.10 with dark red and pink curves

corresponding to + 50% and — 50% m value of TMAO.
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Figure 10.11 Iso-Kgq curve as a function of both pressure (depth in the ocean) and [TMAQ] where
Kq = 0.5 mM. Kgq is maintained by [TMAO] = 1250 mM with A(ocean depth) > 9 km. Data fit to
a negative exponential growth function (red), indicating the TMAO effects are even stronger at
high concentrations. The dashed lines indicate the effects of changes in slope magnitude on the
150-Kg curve: + 50% (dark red) and — 50% (pink).

Since the environmental factors such as temperature, salinity and dissolved oxygen
remain largely constant under deep sea conditions,” pressure represents the major limitation for
deep sea organisms to migrate and survive at different depths. The data allow us to put this
simple model on a more rigorous mathematical footing. For example, we can determine from

Figure 10.9A the 50% pressure (Pso%) at each [TMAOQY] for an experimentally convenient value

of the apparent dissociation constant (e.g., at Kroia = 1, for which Kq = [lysine] = 0.5 mM). We
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can then use AG°(P) = AG°(P=0) + PAV? = -RTIn(Krolq4) = 0 to plot in Figure 10.11 a constant Kgq
(“is0-Kg¢”) curve of accessible deep sea ocean pressures (P ~ AGY(P = 0)/ AV?), which reveals a
dramatic exponential increase in the accessible pressure range with increasing [TMAO].
Specifically, Figure 10.11 makes clear that a constant riboswitch-ligand affinity (Kq¢ = 0.5 mM)
can be maintained over a 900 bar pressure increase (~ 9000 m vertical migration) by control of
TMAO cellular concentrations between 0-1.25 M, with the TMAO stabilization effects
becoming exponentially more significant at higher pressures. As a result, the sensitivity to the
negative slope (m) is quite high, with the results for m and + 50% of m indicated as dashed lines

in Figure 10.11.

It is worth noting that the maximum [TMAOQO] values in this study are close to the
theoretical upper bound of osmolyte concentration (~1.2 M, sea water) for marine species which
tend to achieve either isosmotic or hypoosmotic conditions. Thus, the actual [TMAO] must in
fact be lower due to additional salts, metabolites and other osmolytes required for cellular
function. Our results therefore support the previous hypothesis® that fish may be constrained
from inhabiting the deepest part of the sea below ~8500 m due to these limits on TMAO (~ 0.5
M). However, despite this crucial role in promoting biomolecule stability, the fact that fish are
found at ~7000 m with only 0.5 M TMAO indicates [TMAO] can not be the sole factor for deep
sea species to survive high pressures. Indeed, genetic adaptation for deep sea organisms can
facilitate utilization of more pressure resistant protein and nucleic acid structures’® as well as
synergies between TMAO and other osmolytes/cosolutes to increase biomolecular stability. One
important example would be that of “macromolecular crowding,” which can not only stabilize
biomolecule structures but also increase the effective concentration/activity of TMAO by taking

up intracellular space.””
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As a final comment, we can attempt a linear deconstruction of these free volume changes
(AV?) into solvent voids (AVid) plus solvent hydration effects (AVChygration).> >’ The relatively
constant values of Errer values that we observe as a function of [TMAQY] supports that TMAO
does not significantly change the lysine riboswitch conformation nor the overall compactness of
the folded state. This in turn suggests that AV.ig ~ constant, from which the linear dependence
of In(Kig) on [TMAOQO] in Figure 10.9B could be entirely ascribed to hydration contributions
(AV®hydration) linearly proportional to [TMAO]. Indeed, TMAO has been found in previous studies
to be excluded from the surfaces of proteins and RNA tertiary folding motifs’®¥° and also to
greatly enhance the water structure®?, thereby reducing the effective volume of the bulk water.*®-
491t is likely that since TMAO tend to orient the water molecules in the bulk, it reduces the
effective volume difference between water molecules in the solvation shell of RNA and in the
bulk, and consequently mitigate the pressure effects by reducing AV hygration. The linear decrease
of AV (Figure 10.9B) which expands a wide range of [TMAQ] can be simply explained by the
fact that TMAO primarily affects the bulk water instead of the hydration shell surrounding the
RNA 8% Indeed, it has been found in previous molecular dynamics simulations that one hydrated
TMAO is in close contact with 25 water molecules,® suggesting the bulk water (55.5 M) could
be sufficiently ordered by the saturation [TMAQ] at ~ 2.2 M. The dynamic range explored in this
study for [TMAQ] is still far from this saturation limit and thus might expect a linear decrease in
AV? with increasing [TMAQ]. It is also worth noting that since TMAO tends to remain strongly
hydrated in the bulk water and interact only indirectly with RNA/protein,’®° the sign of these
TMAO effects (AAV® < 0) is likely to be more universal and system-independent, making it an
ideal piezolyte with which to protect biomolecular structures from pressure-induced

denaturation.
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10.6 Summary and conclusion

The pressure dependence of lysine riboswitch folding has been investigated at the single
molecule level with SmFRET spectroscopy and up to P ~ 1500 bar pressures. The lysine
riboswitch unfolds readily at increasing pressure, with a change in free volume determined from
linear pressure van’t Hoff plots to be AV® = Vioid -Vunfold = 75(3) mL/mol. These data can be
replotted as an apparent lysine riboswitch dissociation constant Kq as a function of P, which
reveals the riboswitch-ligand interaction to be weakened quasi-exponentially with increasing
pressure. While monovalent Na* effects on the free volume change are found to be negligible,
the presence of divalent Mg?* greatly stabilizes the folded lysine riboswitch at all pressures, with
only negligible changes in AV? for both Mg?* and Na* cations. By way of contrast, TMAO, a
known piezolyte, is found to increase pressure stability of the riboswitch by simultaneously
promoting folding (increase in Kroid) and reducing the folding-induced change in free volume
(AAV? < 0). We argue that the latter influence of TMAO on free volume can play a crucial role
in migration of deep sea species to different ocean depth layers of water in search of sparse
resources. Moreover, we introduce an empirical deconstruction of the overall free volume change
(AV?) into solvent void formation (AV%.id) and changes in the hydration layer (AV ydration) Upon
folding. The insensitivity of observed Erret values suggests that TMAO does not significantly
alter the folded riboswitch conformation and thus that AViq remains approximately constant
over a variety of osmolyte conditions. If this is true, our deconstruction would identify the sign
of AV° > 0 to be due to changes in hydration effects. Furthermore, since TMAO is known to be
excluded from biomolecular surfaces and to enhance the formation of ordered water, this would

be consistent with a linear reduction in AV° by TMAO over a wide range of concentration due to
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greater ordering of the bulk water structure and thereby lesser importance of RNA hydration

effects.
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Chapter 11

Single-Molecule Kinetic Studies of DNA Hybridization Under Extreme Pressures

11.1  Abstract

Pressure may perturb biomolecular function by altering equilibrium structures and
folding dynamics. Its influences are particularly important to deep sea organisms, as maximum
pressures reach up to = 1100 bar at the bottom of the ocean as a result of the rapid increase in
hydraulic pressure (1 bar every 10 meters) under water. In this work, DNA hybridization Kinetics
has been studied at the single molecule level under external pressure control (Pmax = 1500 bar),
realized by incorporating a mechanical hydraulic capillary sample cell into a confocal
fluorescence microscope. We find that the DNA hairpin construct unfolds (“denatures”) with
increasing pressure by simultaneously decelerating and accelerating the unimolecular rate
constants for folding and unfolding, respectively. The single molecule kinetics is then
investigated via pressure dependent van’t Hoff analysis to infer changes in the thermodynamic
molar volume, which unambiguously reveals that the effective DNA plus solvent volume
increases (AV® > 0) along the folding coordinate. Cation effects on the pressure dependent
kinetics are also explored as a function of monovalent [Na*]. In addition to stabilizing the overall
DNA secondary structure, sodium ions at low concentrations are also found to weaken any
pressure dependence for the folding kinetics, but with these effects quickly saturating at
physiologically relevant levels of [Na*]. In particular, the activation volumes for the DNA

*This chapter is adapted from: Sung, H.-L.; Nesbitt, D. J. Single-Molecule Kinetic Studies of DNA
Hybridization Under Extreme Pressures. Phys. Chem. Chem. Phys. 2020, 22, 23491-23501.
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dehybridization (AV*unla) are significantly reduced with increasing [Na*], suggesting that sodium

cations help DNA adopt a more fold-like transition state configuration.

11.2 Introduction

Most biochemical studies are performed under ambient pressures (= 1 bar = 100,000
Pascal), though this is far from conventional conditions for marine organisms inhabiting the
deepest parts of the ocean (= 1100 bar).'? Indeed, although experimental results obtained at
atmospheric pressure are of obvious relevance to life on the surface of the earth, one could argue
that most biochemistry studies sample only a quite limited wedge of naturally occurring
pressures in biology. Extreme pressure effects on biological systems turn out to be of immense
importance to marine life due to the rapid increase of hydraulic pressure (1 bar per 10 meters)
under water.® As one particularly relevant biophysical impact, molecules such as proteins and
nucleic acids may lose the thermodynamic stability of their native folded state under increasing
pressure,*” with such pressure-induced changes in conformation known as pressure
denaturation.®° Marine organisms, especially those deep-sea species, therefore must evolve and
adopt protective mechanisms to stabilize biomolecular structures and maintain biochemical
function in order to counteract extreme pressure changes due to change in depth profile.% 1°

DNA occurs in biology primarily in the form of a double helix configuration. Previous
studies have shown the pressure response of DNA secondary structures may vary, depending
heavily on the sequence and buffer condition.® While majority of the relatively long/stable DNA
double helices are found with increasing melting temperature at higher pressure,'**? folding of
the DNA with shorter complementary regions is constantly shown to be destabilized by elevating

pressure.®>1° Since the structure determines the biomolecular function, such a pressure
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denaturation phenomenon of nucleic acid structures is regarded to have a potentially enormous
impact on cellular function in deep sea marine species. Moreover, nucleic acid structure is in fact
dynamic rather than static,6"’ the destabilization effects of pressure therefore may not be fully
captured by previous equilibrium observations. A predictive understanding of such pressure
induced changes in conformational structure clearly requires new tools for exploring not just the
equilibria but also the kinetics of nucleic acid hybridization/dehybridization, in particular under
the impact of high hydraulic pressures relevant to deep sea life. In order to make such kinetic
studies of nucleic acid conformational dynamics possible at the single molecule level, we have
coupled together two powerful techniques, i) confocal single molecule Forster resonance energy
transfer (SmFRET) with ii) a high-pressure generating system in a small quartz capillary cell.
The goal of the present study is to report first results on folding/unfolding kinetics of nucleic
acids at the single molecule level, with pressure as an external control variable up to = 5
kilobar.” 1

The present work builds on previous experimental studies of pressure dependent nucleic
acid RNA and DNA folding under equilibrium conditions, made accessible via freely diffusing
smFRET methods at the single molecule level.” 35 Specifically, these previous studies
investigated doubly dye-labeled nucleic acid constructs freely diffusing in solution, with FRET
energy transfer efficiencies (Erret) sampled one molecule at a time and single molecule Erret
distributions statistically revealing the equilibrium ratio between folded and unfolded states (Keq
= [folded]/[unfolded]) and its dependence on external pressure and temperature.” 35 In the
present work, DNA constructs are tethered onto the inner surface of a square quartz high
pressure capillary cell (Figure 11.1) instead of freely diffusing in solution. By virtue of this

tethering, we can locate the nucleic acid constructs by piezo scanning a focused laser beam in a
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confocal microscope and thereby interrogate single molecule fluorescence signals over an
extended temporal window.®*° Since the photon stream changes color as a function of nucleic
acid conformation, the resulting time dependent Erret “trajectories” contain valuable statistical
information on the folded and unfolded dwell time distributions®-?° which allow us to explore
nucleic acid conformational kinetics as a function of pressure.

The organization of this paper is as follows. Sec. 11.3 provides a brief description of the
combined high pressure experimental apparatus and single molecule microscope. This is
followed by a presentation in Sec 11.4A, B of folding and unfolding Kinetic results and analysis
as a function of external hydraulic pressure, for which the pressure dependent folding/unfolding
kinetics provides detailed quantitative information on the differential molar volumes (AV*tiq,
AV*infold) for accessing the transition state from a pressure dependent van’t Hoff analysis. We
turn in Sec 11.4C to the impact of “ion atmosphere” on the overall (AV?) and transition state

(AV*) molar volume changes, which exhibit a strong sensitivity to monovalent Na* but only a
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Figure 11.1 Schematic presentation of the surface tethered SmMFRET experiment performed in a
pressurized capillary sample holder. The doubly dye-labeled DNA hairpin construct is
immobilized on the capillary surface through biotin-streptavidin interactions. The energy transfer
efficiency (Errer) in the folded (left) and unfolded (right) conformations correspond to high Errer
(= 0.8) and low Erret (= 0.1) fluorescence states, respectively. Prior to each experiment, a thin
layer of silicon oil is introduced inside the capillary cell to prevent contamination of the aqueous
sample region by the pressure transmitting fluid (ethanol).



301

surprisingly weak dependence on divalent Mg?* deemed crucial for nucleic acid achievement of
the correct secondary structure. In Sec. 11.5, we discuss the reasons and simple models for such
pressure and cationic dependent behaviors, followed in Sec. 11.6 by a summary of the conclusions

and directions for further work.

11.3 Experiment
11.3.1 Single molecule FRET microscopy under external hydraulic pressure

Details of our high pressure SmFRET experimental apparatus can be found in previous
work;” 1> we focus herein on modifications required for the present studies of single molecule
nucleic acid folding kinetics. In brief, a confocal microscope with a high NA objective is coupled
to a high-pressure sample cell fabricated from a fused-silica capillary with a square 50 um x 50
pum cross section of the inner cell (Polymicro, Phoenix, AZ), where the capillary can sustain
pressures up to =~ 5 kilobar without fracturing. (Note: company names are reported for
completeness and not intended as commercial product support) Moreover, the flat interior
surface and uniform thickness (= 155 um) of the high pressure capillary cell closely
approximates that of a standard microscope coverslip configuration, therefore maximizing the
excitation/collection efficiency for a high NA (1.2) fluorescence measurement. The aqueous
sample is pressurized by a manual screw pump (High Pressure Equipment, Erie, PA) through
stainless steel tubing (High Pressure Equipment), with ethanol as pressure transmitting fluid to
increase pressurization efficiency. Before connection to the ethanol-filled pressure generating
system, one end of the capillary is sealed by a propane/oxygen torch, while the other open end is
dipped into low viscosity silicon oil to create a thin liquid membrane (= 50 um thickness) inside

the sample cell (Figure 11.1) to prevent diffusion of ethanol into the microscopy region. During
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the SmMFRET experiment, the dye-labeled construct is excited by laser excitation through a high
NA = 1.2 water immersion microscope objective, with the resulting fluorescence photons
collected through the same objective and sorted with dichroic filters before detection on single-
photon counting avalanche photodiodes. The time resolved Errer trajectory is then calculated
from the resulting fluorescent signals (Figure 11.2) and used in the kinetics analysis described in
Sec. 11.4A.
11.3.2 Sample Preparation and Single Molecule Tethering

The doubly dye-labeled and biotinylated DNA hairpin construct has been purchased in
HPLC purified form (Integrated DNA Technologies, Coralville, 1A) and is used as is.>?° The
full DNA sequence and dye labeling sites are indicated as follows: 5’-Cy5-TCTTCAGT-Auso-
Cy3-ACTGAAGA-A10-biotin-3’. Specifically, the construct contains an 8 base pair
complimentary sequence separated by a 40-(dA) linker (Figure 11.1). The labeling of Cy3 and
Cy5 results in two distinct Errer States corresponding to the folded/hybridized (Erret = 0.8) and
unfolded/dehybridized (Erret = 0.1) conformations.'® 2’ To extend the observation time of
fluorescent signals from a single construct, the DNA hairpins are immobilized on the surface of
the capillary cell through biotin-streptavidin interactions (Figure 11.1).18° We note that the
DNA hairpin is chosen in these first high pressure single molecule kinetic measurements due
mainly to the fact that not only it has been widely studied as a model system of nucleic acid
secondary structure formation, but also its folding kinetics as well as equilibrium have been
extensively characterized at the single molecule level*® 2-22 \While the incorporation of the
poly(dA) linker simplifies the DNA duplexing from a bimolecular to unimolecular process, it
may also contribute to the folding kinetics and thermodynamics in addition to the duplex

formation. Despite the hairpin folding thermodynamic being previously shown to be largely
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dominated by complementary base paring®®, it is worth noting that the linker effects on the
kinetics remain uncharacterized at high pressure.

Preparation of the DNA-decorated surface is achieved by sequentially flushing the
capillary cell with the following in order: (i) 10 mg/mL bovine serum albumin (BSA) with 10%
biotinylation for surface passivation, (i1) 200 pg/mL streptavidin solution for surface
immobilization, and (ii1) = 25 pmol/L biotinylated DNA hairpin constructs. Prior to each
SMFRET experiment, the sample holder is flushed by the imaging buffer containing (i) 50

mmol/L hemipotassium HEPES buffer (pH 7.5), (ii) Trolox/protocatechuate 3,4-dioxygenase
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Figure 11.2 Sample time-resolved fluorescent signals (upper panels) and corresponding Erret
trajectories (lower panels) at (A) 1 bar and (B) 1250 bar. Background [Na*] = 50 mmol/L.
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(PCD)/protocatechuate (PCA) oxygen scavenger cocktail to catalytically remove oxygen and
thereby increase dye photostability, and (iii) sufficient NaCl and MgCl, to achieve desired
monovalent (Na*)/divalent (Mg?*) cation concentrations. We note that 25 mmol/L of background

K* from the HEPES buffer is always presented in the pressure dependent experiments.

11.4 Results and analysis
11.4.1 Kinetic origin of DNA hairpin unfolding with increasing pressure

The prolonged observation of a single DNA construct one at a time allows us to obtain
the time dependent fluorescence signals from Cy3/Cy5 and calculate the resulting Erret
trajectory (Figure 11.2). At ambient (= 1 bar) pressures (Figure 11.2A), the correlation between
Cy3 and Cy5 fluorescence indicates the DNA hairpin actively switches between the folded and
unfolded conformations, corresponding to Errer = 0.8 and 0.1, respectively.'®> 2° As the pressure
increases to 1250 bar (Figure 11.2B), the DNA hairpin clearly spends more time in the low Errer
conformation, indicating that the DNA hybridization equilibrium is shifted toward the denatured
(i.e. unfolded) state with increasing pressure. This is completely consistent with results reported
in freely diffusing SmFRET studies of the similar constructs under equilibrium conditions.** 1°

However, the present tethered studies contain much richer information on the
folding/unfolding kinetics, which can be extracted by the dwell time analysis with in-house
software and thresholding methods as previously described.*®*% 23 Specifically, the well
separated Errer distributions for the DNA hairpin allow us to unambiguously distinguish
between folded/unfolded conformational states with a temporal resolution of 25 ms (Figure
11.2A, B). The resulting cumulative distribution functions (CDFs) of dwell time in each of the

states are well-fit to a single exponential decay model, as clearly demonstrated by the semi-
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logarithmic plots in Figure 11.3. Thus, both the folding and unfolding of the DNA hairpin appear
to follow simple first order kinetics,?® with the DNA hairpin folding dynamics described by first
order rate constants Kroig and Kunfoid, respectively. In Figure 11.3A, the CDF slope for the
unfolded (red) dwell times is greater than for the folded (green) dwell times, suggesting Ksoid >
Kunfold, and therefore the DNA hairpin spends more time in the folded conformation at ambient
pressure with folding equilibrium constant Keq = Kfola/Kunfold > 1. At the high pressure (1250 bar,
Figure 11.3B), the CDF logarithmic decays reveal a dramatic decrease in kg accompanied by a
simultaneous increase in Kunfoid. Thus, the kinetic origins of pressure induced denaturation of the
DNA hairpin is therefore by deceleration and acceleration of the folding and unfolding rate

constants, respectively.
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Figure 11.3 Sample cumulative distribution functions of dwell time at (A) 1 bar and (B) 1250 bar.
Background [Na*] = 50 mmol/L.

11.4.2 Volumetric characterization of pressure-dependent DNA (un)folding
If we associate the purely single exponential kinetic behavior (Figure 11.3) with a single

rate limiting transition state, the rate constant k can be expressed by the Eyring equation®*

AGH

k = ve T, Eqg. 11.1
where v is the attempt frequency to reach the transition state barrier. Since the pressure

dependence of the folding/unfolding rate constants and equilibrium constants originates from
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changes in molar volume along the folding path,*® a more quantitative evaluation can be
obtained by van’t Hoff analysis of the folding/unfolding rate constants at a series of increasing

pressures (Figure 11.4A).:4°

dink —AVF
G = T Eq. 11.2

where AVl (AV*unfold) represents the activation volume equivalent to volume change from the
unfolded (folded) conformation to the transition state: AV¥oid = Vs — Vunfold (AV*unfold = Vs —
Vioig). As shown in Figure 11.4, In(kfoiq) decreases linearly as a function of increasing pressure,
with the negative slope indicating an increase in volume for the DNA hairpin to reach the
transition state barrier from the unfolded state (AV*foid = +22.1(16) mL/mol). Conversely,
In(kunfoid) increases linearly as a function of pressure, with a slope corresponding to a negative
AViinfold = —10.3(6) mL/mol, indicating that the fully folded conformation expands further in
molar volume from the transition conformation. Simply summarized, the volumetric analysis of
the pressure dependent rate constants reveals that the molar volume of the DNA hairpin increases
monotonically along the hybridization path: Vunfold < Vs < Viold.

Moreover, the conventional pressure-dependent folding equilibrium behavior can be
reconstructed simply through the relation Keq = Kroia/Kunfold (Figure 11.4B). The results are
consistent with previous observations of In(Keq) linearly decreasing as a function of increasing

pressure™® 1 predicted by*®

0lnKeq —-AV©

(9, = = Eq. 11.3

The corresponding overall molar volume change upon DNA hairpin folding is found to be AV°=
+33.7(13) mL/mol, which is in excellent agreement with the present pressure dependent kinetic
analysis predictions of AVO= AV* fo1g + (-AVunford) = +32.4(17) mL/mol. It is worth noting that

this overall change in molar volume is substantially higher than found from previous high
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pressure burst fluorescence studies under equilibrium conditions (AV® = +23(2) mL/mol), which
was obtained at a higher (75 vs. 50 mmol/L) sodium ion (Na*) concentration.’® Indeed, this
provides a first indication of the substantial sensitivity to monovalent cations in the pressure
dependences of both kinetic rates and equilibrium constants for DNA hybridization. By way of
confirmation, we have determined the overall molar volume change upon hybridization under
similar buffer conditions ([Na*] = 75 mmol/L) to be AV® = +25.9(19) mL/mol, which is now in
good agreement with previous published results. Detailed studies for the dependence of these

molar volumes on monovalent and divalent cation conditions are described below.
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Figure 11.4 Pressure dependent van’t Hoff analysis of DNA hairpin folding. (A) Folding (Kfold)
and unfolding (kunfoid) rate constants, and (B) folding equilibrium constant (Keq) as a function of
increasing pressure. Note that Krois and Kunfola are each scaled to 1 Hz (s?) to permit taking
logarithms of unitless quantities. The slope of these plots can be used to infer changes in the molar
volume with uncertainties (= 1 to 2 mL/mol) at = 5 to 10% of a single H2O molecule volume (V

~ 18 mL/mol). Background [Na*] = 50 mmol/L.
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11.4.3 Effects of Na* on pressure dependent folding kinetics

With one phosphate group per nucleotide, DNA is highly negatively charged under pH
neutral conditions; therefore cations are essential to facilitate the formation of a more compact
folded DNA configuration.?>2® Moreover, charge screening and neutralization can have
significant impacts on the hydration structure,?” which in turn can alter the effective molar
volume of the biomolecule plus solvent system and ultimately pressure dependences for the
folding/unfolding kinetics.?3?° In this section, pressure dependent equilibrium and kinetic rate
constants of DNA hairpin folding are systematically investigated to explore the impact of

monovalent Na* cations.
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Figure 11.5 Pressure dependent folding equilibrium constants (Keq) as a function of Na*
concentration, expressed as a van’t Hoff pressure analysis, whereby the slope of these plots can be

used to infer changes in the molar volume with uncertainties (= 1 to 2 mL/mol) at = 5 to 10% of
a single H20 molecule volume (V = 18 mL/mol).

Firstly, the pressure dependence of the equilibrium constant Keq as a function of [Na'] is
displayed as a semi-logarithmic plot in Figure 11.5. Under all conditions explored, the overall
trend reveals linear decrease in In(Keq) With elevated applied pressure, which by Eq. 11.3
predicts a positive AV® > 0. However, there are two quite noticeable changes in Keq(P) with
increasing [Na™]: i) In(Keq) systematically shifts upward, reflecting that sodium significantly

promotes folding of the DNA hairpin under all pressures; ii) the In(Keg) vs P slopes become
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[Na‘] (mmol/L) 25 50 75 100

AVO (mL/mol) 46.4(19) 33.7(13) 25.9(19) 26.7(17)

Table 11.1 Na* dependence of overall molar volume changes (AV?) for the single molecule DNA
hairpin construct in the absence of divalent cation (i.e., [Mg?*] = 0).

shallower with increasing [Na*], indicating an overall reduction in AV° and thus pressure
sensitivity for DNA hairpin folding. From linear least squares fits, the resulting [Na*] dependent
change in molar volume values are summarized in Table 11.1, which illustrate that AV®
decreases systematically with increasing [Na*] up to 75 mmol/L values but eventually saturates

at [Na*] = 75 to 100 mmol/L. Note that AV? obtained at [Na*] = 75 mmol/L is experimentally

[Na*] = 25 mmol/L
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Figure 11.6 Pressure dependent van’t Hoff analysis of (A) folding (kroid) and (B) unfolding (Kunfoid)
rate constants for a series of monovalent Na* concentrations.
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[Na™] (mmol/L) 25 50 75 100
AV¥og (ML/mol)  26(2) 22.1(16) 19.6(11) 20.4(10)
AViinfols (ML/mol) — -19(2) -10.3(6) -6.6(7) -6.2(7)

Table 11.2 Na* dependence of AVioig and AV+unfola molar volume changes for the single molecule
DNA hairpin construct in the absence of divalent cation (i.e., [Mg?*] = 0).

indistinguishable from the previous diffusion SMFRET equilibrium measurements under the
same salt conditions (25.9(19) vs. 23(2) mL/mol),*® confirming that surface tethering has
negligible impact on folding equilibrium properties for the DNA hairpin construct.*°-3!

Secondly, access to dwell time analysis in a surface tethered SMFRET experiment also
permits [Na*] dependent kinetic information to be obtained from the single-molecule Erret
trajectories. The resulting pressure dependent rate constants Ksoiq and Kunford from cumulative
distribution functions are presented in Figure 11.6A and Figure 11.6B, respectively, as a function
of [Na*]. In these semi-logarithmic plots, the clear upward and downward vertical shifts in Kold
and kunfoid reveal that Na* promotes DNA hairpin folding by simultaneously increasing kroig and
decreasing Kunfold, respectively.?’ The plots for In(kia) vs. pressure in Figure 11.6A are well fit to
a series of nearly parallel lines with negative slopes, confirming that kfoiq decreases at increasing
pressure and AV*sig > 0 for all [Na*] conditions explored (Eq. 11.2). The steepening of slopes
for lowest [Na'] reflects a larger AV*siq at [Na*] < 75 mmol/L, which then quickly decreases to a
saturation value independent of increasing [Na*] (see also Table 11.2). Conversely, as evident
from the positive slopes in Figure 11.6B, In(kunfoid) increases rapidly with increasing pressure,
consistent with a negative AV*unfola < 0. Moreover, the sensitivity of kunfold to pressure and cation

concentration is now clearly evident in the steeper slopes at low [Na*] < 75 mmol/L, revealing a
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much more significant Na* dependence of AV¥unfoid in the low sodium regime. Similar to AV,
as [Na'] increases, the magnitude of AV*nfoid decreases and gradually reaches a saturation value
at [Na*] = 75 mmol/L. By way of summary, increasing [Na*] lowers the sensitivity of both Kkrolq
and Kunfold to pressure by reduction in the magnitude of AVitoig and AV¥untold, respectively, with
much stronger effects observed for the latter. However, as [Na*] increases above = 75 mmol/L,
monovalent cation effects on the pressure dependent rate constants appear to saturate for both

AV*1d and AVEunsold.

11.5 Discussion
11.5.1 Effective volume of the DNA hairpin increases along the folding path

The surface tether sSmFRET experiments (Figure 11.1) performed in the high pressure
capillary sample cell allow us to probe the kinetics of DNA hairpin folding with pressure as a
controlled external variable up to = 5 kilobar.” ¥ The Erret time trajectories are calculated from
the resulting time-dependent Cy3/Cy5 fluorescent signals (Figure 11.2) and analyzed by
conventional thresholding methods to obtain dwell time distributions of the folded and unfolded
states (Figure 11.3).181% 2 First of all, visual inspection of the Errer trajectories (Figure 11.2)
clearly reveals that with increasing pressure, the DNA hairpin spends more time in the unfolded
(low ErreT) conformation. Such DNA unfolding at elevated pressures is commonly referred to as
pressure denaturation,®® which had been routinely observed in multiple protein®® and nucleic
acid” 3234 systems in previous high pressure equilibrium measurements. Pressure denaturation
indicates that the thermodynamic volume of the system is larger for the folded vs unfolded
conformations (AV® = Viold — Vunfold > 0) and therefore according to Le Chatelier’s principle,

folding is disfavored at high pressures (Eq. 11.3).%° Though still a topic of intense discussion,
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Figure 11.7 Effective volume change along the folding coordinate as a function of increasing
[Na*], with volume of the unfolded state (Vunfold) arbitrarily designated as the reference zero.

such a volume increase due to folding is commonly ascribed to a corresponding change in
hydration structure for the surrounding solvating water molecules.* * In essence, the total system
volume can decrease with DNA unfolding, since the volume occupied by water in this
temperature range decreases with greater ordering of the solvent molecules.?®2° This greater
ordering and thus decreased volume can occur upon DNA unfolding by exposing greater surface
area and thus orienting more water molecules due for example to stronger Coulombic
interactions with the phosphate anion backbone. An alternate mechanism proposed for AV > 0
behavior would be the formation of water-excluding hydrophobic voids upon folding,*® which
would then effectively induce the folded DNA to displace a greater molar volume in solution.

In the kinetic analysis, Figure 11.4A explicitly reveals the origin of this pressure-induced
denaturation as a simultaneous decrease in Kroig and increase in kunfoid. Such kinetic response
implies that the effective transition state volume must be smaller than the fully folded state, yet
larger than the unfolded state (Vunfold < Vs < Viroig). In Figure 11.7, the volumes of each of the
three conformations are displayed with Vunfoid referenced to zero, clearly revealing that the

volume of the DNA hairpin increases monotonically along the folding coordinate. Similar trends
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have also been observed in some protein systems with pressure-jump®’-3 and high pressure ZZ-
exchange NMR?® studies. Indeed, it is not surprising that the transition state adopts an
intermediate volume between the folded and unfolded configurational extremes. However, these
experimental activation molar volumes (AV*oig and AV¥untoid) also contain additional information
on changes in water solvation structure due to the conformational transition,?® 3> and thus may
offer insights into the influence of cations on DNA hydration as a function of the
hybridization/folding coordinate,?” as discussed in Sec. 11.5B and Sec. 11.5C.

In previous pressure dependent UV melting experiments, the majority of nucleic acid
double helices are found to be stabilized by pressure,*"*2 which at first seems opposite to the
recent high pressure single molecule studies with hairpins of shorter duplexing regions (< 10
base-pairs).***> 2! However, a strong correlation between thermal stability and pressure response
also has been previously observed in UV melting experiments,® suggesting pressure only
destabilizes the helices with low thermal stability (e.g. Tm > 50 °C). Since the single molecule
experiments are often performed under the conditions where folded and unfolded states are both
sufficiently populated, the hairpins used in these single molecule studies are much less thermally
stable with Tm close to the room temperature.’3% 2! As a result, the pressure destabilization
effects (AV? > 0) characterized at the single molecule level are in fact entirely consistent with
previous observations in UV melting studies. Although the origin of the strong correlation
between melting temperature and pressure response has not been completely understood, it can
be accounted by the complex temperature-pressure dependent interactions involved in the helix-
coil transition® such as hydration, base stacking, hydrogen bonding and Coulombic interactions,
etc.*2 We note that the temperature-dependent pressure response has also been observed in

previous SmFRET experiments.>*
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Besides thermodynamic properties, the kinetics of helix-coil transition can be obtained by
analysis of the hysteresis in UV melting/annealing curves.*! The results again show a negative
AV? for most of the duplex sequences,****® while the signs of AV*foidunfold may vary.** Moreover,
the nearest neighbor parameters in AV® and AV*toiaunfold have been determined and the prediction
agrees will with the studied duplex systems.** However, the same nearest neighbor analysis
predicts the AV® and AVioiq Of the duplex sequence in our hairpin construct to be 0.0 mL/mol
(+25.9 mL/mol, as the closest value measured at [Na*] = 75 mM) and -1.5 mL/mol (+19.6
mL/mol). Although the discrepancy could partially attribute to the different buffer conditions and
the poly(dA) linker, which contributes = 10 mL/mol to AV°, the nearest neighbor analysis is
not expected to correctly predict our results due simply to the fact that these parameters are
derived from more thermally stable duplex structures that are mostly stabilized under high
pressure. Indeed, a more sophisticated high pressure SmMFRET experimental setup to study the
bimolecular DNA duplex formation** is needed to better understand the disparity between
pressure effects on short and long duplex sequences. The high pressure SmFRET experiment
provides a powerful tool to study the pressure dependent kinetics completely free from the
thermal contributions and the results obtained at low temperature may better represent the impact
of extreme pressures on deep sea organisms.

11.5.2 Na* decreases the activation volumes for both folding and unfolding pathways

The pressure responsive DNA folding equilibrium and kinetics have been studied at
increasing [Na*] to explore the monovalent cation effects (Figure 11.6). The results are
quantitatively summarized in Figure 11.7, which reveals not only an strong increase in effective
volume along the folding coordinate, but also that the presence of monovalent cation (Na*)

reduces these changes in volume and saturates above 75 mmol/L. Specifically, the most dramatic
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effects are observed in the volume change from the transition state to the folded state (Vfo1d — VTs
= —AV4unfoid), which collapses by 3-fold from +19(2) mL/mol to +6.2(7) mL/mol as [Na']
increases from 25 to 100 mmol/L. It is worth noting that the exceptionally large dynamic range
of pressures explored in these experiments results in AV uncertainties down at the =~ 1 to 2
mL/mol level. For a sense of scale, this is roughly 5 to 10% the volume of a single H,O
molecule, which in turn allows us to explore and quantify the even smaller changes in molar
volume induced by the presence of monovalent cations.

In particular, there is a quite significant Na* dependence to the change in thermodynamic
molar volume (AVs, Table 11.1 and Table 11.2) which provides additional confirmation that
hydration water play a crucial role in pressure induced denaturation phenomena for DNA.*4 2935
By way of specific physical mechanism, monovalent cation association would tend to Debye
shield the highly negatively charged DNA phosphate backbone,*-*¢ weakening the Coulombic
interactions that align the water molecules and therefore allowing DNA to adopt a more weakly
bound solvation shell with a larger effective volume.?-?® Furthermore, such an increase in
cation-induced volume changes may vary for each folding stage,’ resulting in cation dependent
changes in molar volume. In particular, since the more folded DNA hairpin has higher charge
density and smaller water-exposed surface area,*’ the cations would be expected to be more
readily associated with and therefore saturate the ion atmospheres of the folded vs. unfolded
structures at progressively lower cation concentrations.*®*° Alternately stated, Vunfold increases
faster than Vro1q with increasing [Na*] due to preferential cation association with the unfolded
state,*5! resulting in an overall reduction in AV (AAV® < 0). Moreover, similar monovalent

cation effects can also be expected with respect to changes in the transition state volume (Vs),
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which similarly predicts decreases in magnitudes of both AV¥tiq and AV*ntoid With increasing
[Na*].

In previous thermodynamic and kinetic characterizations of DNA duplex formation®,
increasing [Na*] is found to simultaneously decrease the relative entropies for both the unfolded
and transition state, indicating that Na* may promote more organized DNA structures in both
conformations prior to folding.** In the present work, the volumetric measurements clearly reveal
a significant decrease in the value of Vroid — Vunfold as the dominant cation response (Figure 11.7),
or, if we assume a smooth dependence on folding reaction coordinate, an increase in molar
volume between the unfolded state and the folding transition state. In this context, our high
pressure volumetric analysis of the [Na*] dependence is consistent with a simple physical picture
that Na* promotes the stability of a progressively more “folded-like” DNA structure by changes
in hydration for both the unfolded, transition state, and folded configurations, an interpretation

which is in good agreement with previous and current thermodynamic data.**
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Figure 11.8 Effective volume change along the folding coordinate as a function of increasing
[Mg#], with volume of the unfolded state (Vunfoid) arbitrarily designated as the reference zero.
Background [Na*] = 50 mmol/L.
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11.5.3 Cation-independent volume changes at physiological salt concentrations

The volumetric measurements for the DNA folding kinetics support that such
monovalent cation effects saturate at ~ 75 mmol/L for both AV¥toiq and AV¥unfoid, which is
comparable to physiological monovalent cation concentration conditions ([M*] = 100 mmol/L).
The results therefore predict that significant [M*] dependence in molar volume changes (AVs)
can only be observed under low salt conditions (i.e., [M*] < 100 mmol/L). Indeed, previous
reports for the K*-dependence of AV? in DNA hairpin indicate observation of folding only in the
low monovalent cation regime ([M*] < 30 mmol/L).?! On the other hand, cesium ion (Cs*) has
been shown to reduce the volume changes at low concentration in previous high pressure
poly[d(A-T)] melting experiments, with the effects saturating at [Cs*] = 100 mmol/L.!! However,
we note that in the same study that the AV° dependence on Na* does not show evidence of any
saturation up to [Na*] = 1 mol/L. We believe that sodium-promoted base stacking in the DNA
poly(dA) single strand may be significantly perturbing the helix-coil transition and therefore
resulting in additional salt-induced volume changes upon melting.t* 52 Clearly more high
pressure data will be needed to fully explore and understand the potential salt/structure
dependence of this saturation phenomenon.

Since magnesium (Mg?*) is the most abundant divalent cation inside cells and known to
significantly influence nucleic acid secondary and tertiary structure,?® >3 similar volumetric
analyses have been performed as a function of increasing [Mg?*] = 0 to 0.75 mmol at
background monovalent levels of [Na*] = 50 mmol/L and [K*] = 25 mmol/L (see Sl), and the
results are summarized in Figure 11.8. The background monovalent cation mimics the
physiological environment of DNA folding and provide additional stability for the folded DNA

hairpin to increase the pressure dynamic range of the SmFRET experiments. Interestingly, the
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molar volume folding landscape is only very slightly perturbed by the presence of Mg?*, with
AVoid being completely independent and with only quite modest (< 5 to 10%) changes in
AViinioig as a function of [Mg?*]. We stress that this does not mean that divalent magnesium
effects on the molar volume changes are necessarily weaker than monovalent sodium. Instead, it
could be that the overall cation effects are effectively saturated at background monovalent levels
of [M*] = 75 mmol/L and that the additional magnesium is unable to achieve any further reduce
in AV. We note that although the pressure response (AV) of the hairpin folding is only weakly
dependent on [Mg?*], magnesium still strongly stabilizes the folded hairpin structure as the
vertical displacements shown in Figure 11.9. To summarize, our data suggest under sufficiently
high monovalent ((M*] = 100 mmol/L and divalent ((M’?*] ~ 1 mmol/L) salt conditions, the
molar volume changes (AVs) for hybridization of the DNA hairpin saturate and depend only
weakly on further increase in cation concentrations. By way of additional evidence, previous
pressure dependent single molecule studies of the RNA lysine riboswitch reveal AV° also to be

independent of salt under physiological conditions ([Na*] = 100 to 500 mmol/L, [Mg?*] =0.5to
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Figure 11.9 Pressure dependent folding equilibrium constants (Keq) as a function of Mg?*
concentration, expressed as a van’t Hoff pressure analysis, whereby the slope of these plots can be
used to infer changes in the free volume with uncertainties (1 to 2 mL/mol) at the 5 to 10% of a
single H20 molecule volume (18 ml/mol). Background [Na*] = 50 mmol/L.
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1.5 mmol/L).” Although more data are clearly needed, the results thus far encourage expectations
that cationic effects on RNA folding will exhibit a similar saturation behavior as seen in DNA.
As a final comment in this subsection, we can translate these changes in molar volume
landscapes (AV® and AVoig) into corresponding change in free energy landscapes. These
reversible work contributions to free energy are specifically evaluated at a nominal P = 1 kilobar

and plotted in Figure 11.10 against [Na*] to highlight i) effects of pressure-induced denaturation
in deep sea (= 10000 meter) environments, and ii) the saturation of the monovalent cation effects

under physiological relevant conditions (Figure 11.10). It is worth noting that even with AV®
values only slightly larger than the size of a single water molecule (V = 18 mL/mol), the
equivalent amount of reversible PAV work under such deep sea pressure conditions already
contributes at the level of +1 kcal/mol (= +2 kT) to the overall folding free energy, thereby

strongly shifting the equilibrium to the unfolded conformation. Furthermore, roughly half of that
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Figure 11.10 PAV reversible work evaluated at P = 1000 bar to highlight the magnitude of free
energy contributions (KT = 0.6 kcal/mol) induced by deep sea pressures as a function of increasing
[Na'].
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overall increase in free energy to folding is achieved by the transition state, which corresponds to
a roughly three-fold deceleration in DNA hybridization rate constants under deep-sea environment
vs. ambient pressure conditions.
11.5.4 Na* stabilization effects on DNA secondary structure revisited

In previous sections, we have mostly focused on the slopes in semi-logarithmic plots of
Keq Or k vs P (Figure 11.5 and 11.6), whereby changes in molar volume can be directly extracted
from the pressure dependence. In addition to reducing AVs, sodium also promotes DNA hairpin
folding under all pressures explored by simultaneously increasing and decreasing Kfold and Kunfold,
respectively, as shown in the vertical displacements in Figure 11.5 and Figure 11.6. For
simplicity, we first focus on monovalent Na* effects at ambient pressure summarized in Figure
11.11, whereby the folding (AG®) and activation (AG*) free energies for this DNA hairpin are
plotted against [Na*]. In obtaining these values, we have used standard thermodynamic and
transition state expressions relating overall (AG® = -kTIn[Keq]) and transition state (AG* = -
kTIn[kria/v]) free energies to the equilibrium and rate constants measured. v is an approximate
attempt frequency for achieving the transition state, whose precise value is irrelevant in Figure
11.11 for changes in free energies (AAGP). The monotonic decrease in AG® with [Na*] confirms
that the folded DNA hairpin is energetically favored by increasing monovalent cation
concentration. Furthermore, such a quasilinear decrease in AG® with [Na*] is also consistent with
empirical observations by Pegram et al. of cation effects on DNA folding in the low
concentration regime ([M*] = 100 mmol/L),*" with the slopes ()AG%[M*]) strongly correlating
with strength of solute-nucleic acid interactions and the change in solvent accessible surface area
(ASA) during folding (AASA). Indeed, cations are known to accumulate on the surface of DNA

through Coulombic attraction,* %*°° and in turn facilitate the formation of a more compact
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structure by charge neutralization and screening effects.?>2® Moreover, similar sodium
dependence is also observed in AG* but with ~ 50% shallower slopes, most simply attributed to

fractionally smaller AASA* values or molar volume changes (AV*iq) at the transition state.
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Figure 11.11 Na* stabilization effects on the DNA hairpin secondary structure under ambient
pressure conditions.

As a parting comment, we note that the empirical relation between AG and [Na*] may
deviate from a simple linear function at low [Na*] < 75 mmol as pressure-induced denaturation
becomes more significant at higher pressures (Figure 11.10). In other words, increased Na* could
in principle protect the DNA structure from pressure-induced denaturation by both i) increasing
the hybridization stability and ii) suppressing the pressure-induced dehybridization response. It is
important to stress, however, that such effects would not necessarily make sodium (or other
cations) suitable candidates to help deep sea organisms maintain cellular function at extreme
pressures, due to the fact that high cation concentrations can interact strongly with biomolecules
in cells and thus highly perturb their function,®® as in dynamic gene regulation by RNA
riboswitches.” Instead of recruiting cations, therefore, deep sea organisms accumulate high

concentrations of small organic solutes (e.g. trimethylamine N-oxide, TMAO) that are much
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more compatible with biomolecule structure/function® and can thereby counteract these
pressure-induced free energy contributions primarily by reducing the pressure sensitivity to

biomolecule conformation.”- 2% 3758

11.6 Summary and conclusion

First high pressure kinetic studies of DNA hybridization at the single molecule level have
been investigated by SmFRET experiments on a doubly dye labelled DNA hairpin construct over
a wide dynamic range of external pressures (1 to 1500 bar). The resulting ErreT time trajectories
from the prolonged observation of single tethered molecule fluorescence allows us to extract
information on the unimolecular rate of DNA hairpin folding/unfolding. The folding (Kfoid) and
unfolding (Kunfold) rate constants are found to simultaneously decrease and increase, respectively
with increasing pressure, resulting in predictions consistent with pressure-induced denaturation
of DNA secondary structure and in excellent agreement with previous equilibrium high pressure
studies on freely diffusing constructs. By way of pressure dependent van’t Hoff analysis, the
effective volume of the DNA plus solvent system is found to systematically increase along the
folding coordinate (Vunfold < Vs < Viald), With volume sensitivities and experimental
uncertainties (1 to 2 mL/mol) on the order of 5 to 10% of a single H.O molecule. Since the
cation may significantly change the hydration structure and consequently the effective volume of
the DNA plus solvent system, the change in free activation volumes for both folding and
unfolding (AV*tis and AV*nfoid) are shown to decrease at low [Na*] and gradually reach
saturation limits at [Na*] = 75 mmol/L. The more significant reduction in AV*nfoig indicates a
greater resemblance between Vs and Vs, Which in turn signifies that Na* is able to facilitate a

more folded-like transition state configuration prior to formation of the fully folded DNA
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hairpin. Finally, both AV*tiq and AV¥unroia are approximately insensitive to monovalent (Na*)

and divalent (Mg?*) cations under near-physiological salt concentrations, suggesting cation

effects on these changes on molar volume (AVs) may saturate in vivo and therefore be insensitive

to moderate intracellular cation fluctuation.

11.7
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Chapter 12
Ligand-Dependent Volumetric Characterization of Manganese Riboswitch Folding:

A High-Pressure Single-Molecule Kinetic Study

12.1 Abstract

Nanoscopic differences in free volume result in pressure-dependent changes in free
energies which can therefore impact folding/unfolding stability of biomolecules. Although such
effects are typically insignificant under ambient pressure conditions, they are crucially important
for deep ocean marine life, where the hydraulic pressure can be on the kbar scale or higher. In
this work, single molecule FRET spectroscopy is used to study the effects of pressure on both the
kinetic rates and overall thermodynamics for folding/unfolding of the manganese riboswitch.
Detailed pressure-dependent analysis of the conformational kinetics allows one to extract
precision changes (o < 4 to 8 A%) in free volumes not only between the fully folded/unfolded
conformations, but also with respect to the folding transition state of the manganese riboswitch.
This permits first extraction of a novel “reversible work” free energy (PAV) landscape, which
reveals a monotonic increase in manganese riboswitch volume along the folding coordinate.
Furthermore, such a tool permits exploration of pressure-dependent effects on both Mn?* binding
and riboswitch folding, which demonstrate that ligand attachment stabilizes the riboswitch by
decreasing the volume increase upon folding. Such competition between ligand binding and

pressure induced denaturation dynamics could be of significant evolutionary advantage,

*This chapter is adapted from: Sung, H.-L.; Nesbhitt, D. J. Ligand-Dependent Volumetric Characterization of
Manganese Riboswitch Folding: A High-Pressure Single-Molecule Kinetic Study. J. Phys. Chem. B 2022,
126, 9781-9789.
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compensating a weakening in riboswitch tertiary structure with pressure mediated ligand binding

and promotion of folding response.

12.2 Introduction

Structural transitions in biomolecules and the associated reorganization of the
surrounding waters lead to nanoscopic changes in the overall solvent plus solute system
volume.!? As a result, conformational change in a biomolecule is intrinsically pressure-
dependent.® Though such pressure effects are often negligible at ambient pressure (1 bar), these
effects can become quite significant in marine biology due to rapid increase in hydraulic pressure
as a function of ocean depth (0.1 bar/meter).* Indeed, average ocean depth already corresponds
to 350 bar pressure, with the deepest regions (e.g., the Challenger Deep) in excess of 1 kbar. As a
result, marine (micro)organisms can exhibit unique modes of biological function sculpted by
evolution under high pressure conditions.> It is therefore of particular biophysical interest to
explore pressure-dependent paradigms of biomolecular structure and function in order to

understand, at the molecular level, bioadaptation of deep-sea organisms to pressure extremes.’

With a few exceptions,®® proteins and nucleic acids are known to thermodynamically
unfold/dehybridize with increasing pressure.” 112 Pressure-induced denaturation implies that the
folded solute + solvent system effectively occupies more space, resulting in a positive free
volume change (AV° > 0) upon folding. Such an increase in volume seems initially
counterintuitive, since one often thinks of biomolecular folding tending toward a state of greater
compaction. The reason for such anomalous behavior is that these overall volume changes are

quite modest, with solvent-excluding voids*®*® and/or reorganization of the solvation shell6-8
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thought to be major contributors to the volume increase upon folding. Interestingly, although
pressure is known to thermodynamically destabilize the equilibrium folding behavior for nucleic
acids and proteins, the kinetics of such effects has remained far less explored.'®! Since nucleic
acid conformations are often highly dynamic,?? with important biochemical pathways regulated
by kinetic access over a barrier to a functionally new conformation (e.g., regulation of gene
expression by co-transcriptional folding of riboswitches), % it is therefore of particular
importance to also explore the effects of pressure on transition state barriers and the resulting

folding kinetics.

Recently, high pressure single-molecule Fluorescence Resonance Energy Transfer
(smFRET) studies of nucleic acid folding kinetics have become experimentally accessible,
exploiting small glass capillaries as high-pressure sample cells in conjunction with confocal
single photon counting fluorescence measurements.' 2627 In earlier work, pulsed laser excitation
through a microscope objective into solutions at high pressure have been used to measure and
record the FRET energy transfer efficiency (Errer) for single RNA molecules diffusing through
the confocal volume region. Though such studies have been limited to equilibrium conditions,
they clearly demonstrated a systematic decrease in Errer (i.€., an increase in the unfolding
fraction) with increasing pressure. In the present work, we significantly expand these equilibrium
high-pressure SmFRET studies by immobilizing single RNA constructs to the inside of a high
pressure capillary cell, and thereby extend observation times of the fluorescence trajectories to
monitor folding/unfolding kinetics at the single molecule level.? The resulting pressure
dependent kinetic rate constant data now inform on the free volume changes associated with i)

folded, ii) unfolded, and iii) transition state barrier conformations, and thus provide novel
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opportunities for detailed characterization of the thermodynamic free volume along the nucleic

acid folding coordinate.?®

Specifically, this work comprises detailed study of the effects of extreme pressure on the
folding/unfolding kinetics of the manganese riboswitch at the single molecule level. The folding
thermodynamics and kinetics of this riboswitch have been studied previously in both ensemble
and at the single molecule level under ambient pressure (1 bar) conditions,3%-2 with the present
work exploring pressure-dependent kinetics of ligand-induced tertiary structure formation for the
first time. Of particular significance is first experimental characterization of the coupling
between 1) pressure-dependent kinetic measurements and ii) the ligand binding event, which
allows us to obtain free volume changes for accessing the transition state associated with
manganese riboswitch folding. Furthermore, in the context of a simple Hill analysis,*® we are
able to separate ligand Mn?* binding from riboswitch folding events and thereby obtain novel
information on “reversible work” (PAV) contributions to the free energy landscape along the
conformational reaction path. These volume changes are revealed to be sensitive to the hydration
structure and fractional Mn?* binding with the RNA, which offers additional insights into the

mechanism for ligand-induced RNA folding.

The organization of this paper is as follows. The details of sample preparation and high-
pressure experiment setup are illustrated in Sec. 12.3. Sec. 12.4A demonstrates high-pressure
effects on the riboswitch folding kinetics, for which increasing pressure destabilizes the
riboswitch by simultaneously decreasing (increasing) the folding (unfolding) rate constants,
respectively. The effects of Mn?* and Mg?* cations on the pressure dependent folding are then
presented in Sec. 12.4B and Sec. 12.4C, respectively, which reveal that cognate ligand Mn?* (and

not Mg?") significantly impacts changes in free volume (AV%ing < 0). Specifically, Mn?* alters
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the volumetric reversible work landscape for folding via binding of the cognate ligand to (and
subsequent compaction of) the riboswitch rather than a more generic screening of anionic
repulsion due to divalent cations. Finally, we briefly discuss in Sec. 12.5A/B the possible role of
equilibrium vs. kinetic competition between Mn?* and pressure induced changes in riboswitch

volume on the evolutionary biology of deep-sea organisms.

A B

2+
P1 W P3
Cy3 % v

biotin I

- -
capillary 3-way valve
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Figure 12.1 Schematic of the high pressure single molecule FRET experiment showing the
instrument setup. (A) The cartoon representation of the manganese riboswitch construct in the
Mn?*-bound folded conformation where the loop-loop interaction between P1 and P3 stems is
formed. (B) The high pressure generating system coupling to the capillary sample holder aligned
with the microscope objective. The reservoirs contain ethanol as the pressure transmitting fluid
throughout the high pressure tubing manifold.

12.3  Experiment
12.3.1 Single-molecule fluorescent construct design and sample preparation

The ligand-bound folded structure of the manganese riboswitch consists of an RNA four-
way junction with the loop-loop interaction between P1 and P3 stems stabilized by a Mn?* cation
(Figure 12.1A).% The single-molecule FRET construct of the riboswitch is made up of three

RNA oligomers, labeled with Cy3, Cy5 and biotin, respectively. The detailed RNA sequences
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and the labeling positions for these oligomers can be found in previous work.** To assemble the
ternary RNA construct, the three oligomers are heat-annealed by temperature cycling, followed
by purification via high-performance liquid chromatography (HPLC) methods. The doubly-dye-
labeled and biotinylated product enables surface immobilization of the RNA construct to achieve
single-molecule fluorescence detection over a prolonged time window and thereby observe a
sequence of multiple folding/unfolding events. Furthermore, based on a characteristic Forster
length Ro = 50 A for the Cy3-Cy5 FRET pair, the inter-dye distances in the folded conformation
can be predicted from the manganese riboswitch crystal structure to be 45 A, which is in good
agreement (Erret (45 A) ~ 0.65) with the high Errer ~ 0.60 state observed. Conversely, when the
manganese riboswitch unfolds, the distance between Cy3 and Cy5 increases, resulting in a

reduced and easily distinguished value of Errer ~ 0.15 consistent with R > 67 A.

The high-pressure sample cell is made from a glass capillary with a square cross section
(75 pm/360 pm inner/outer dimensions, Polymicro).?” Such small lateral dimensions permit
higher pressure (> 2000 bar) operation, while the flat interior surface and wall thickness (143
pm) also allow the capillary to function as a conventional coverslip in standard microscope
imaging. To prepare the sample, one end of the capillary is first glued into a metal plug drilled
with a 450 um diameter hole and coupled to the pressure system (Figure 12.1B). After creating
an optically transparent window by oxidizing away a small 1 cm patch of the polymer coating,
we immobilize the RNA molecules on the inner surface of the capillary through biotin-
streptavidin interactions. To achieve this goal, we continuously flow the following solutions
through the capillary in succession: 1) 10 mg/mL bovine serum albumin (BSA) with 10%
biotinylation, 2) 200 pg/mL streptavidin solution, and 3) = 25 pM RNA construct. The exposure

time for each solution is = 2 minutes, with pressure delivered through a mechanical micropipette
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(Eppendorf) to flush liquid through the capillary.?® Before any single molecule experiments, the
capillary is additionally flushed with an imaging buffer containing 1) 50 mM pH 7.5 HEPES
buffer, 2) enzymatic oxygen scavenger cocktail (PCD/PCA/Trolox) to catalytically remove
oxygen,® 3) 100 mM NaCl to provide background salt, and 4) sufficient MgCl,/MnCl; to
achieve desired divalent cation and cognate ligand concentrations. The free end of the capillary
is then sealed with an oxy-propane torch, while the metal plug end is dipped into silicon oil to

create a thin pressure transmitting meniscus and prevent sample contamination.
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Figure 12.2 Sample fluorescence traces and the resulting time trajectories of Erret at (A) 1 bar
and (B) 500 bar. The simulated traces in orange are obtained from hidden Markov modelling.

12.3.2 High pressure single-molecule FRET spectroscopy

Pressure control is achieved by a manually operated piston screw pump (High Pressure
Equipment), which can deliver pressure up to 5 kilobars through high-pressure stainless steel
tubing, with the entire manifold filled with ethanol as pressure transmitting fluid (Figure
12.1B).% We take advantage of the square cross section of the sample cell by taping it onto the

surface of a coverslip, which permits ready alignment of the optical axis of the microscope
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objective axis with respect to the capillary wall.?° The details of the confocal single molecule
FRET spectroscopy set up can be found in previous work.®’ To initiate an experiment, the laser is
focused to a diffraction limited waist (owx,y ~ 260 um) on the inner capillary surface, with the
search for single fluorescent molecule constructs conducted by raster scanning of the piezo stage.
Tethering of the construct to the capillary surface permits prolonged diffraction limited
observation of Cy3/Cy5 fluorescence from a single localized RNA, which in turn enables the
collection of long-lived (= 1 min) single molecule FRET trajectories at ~ 4 kHz photon/sec

detection rates and limited by eventual photobleaching.
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Figure 12.3 Sample dwell time distributions at (A) 1 bar and (B) 500 bar. Data are fit to a single
exponential decay function to obtain folding and unfolding rate constants Kfig and Kunfold,
respectively.

12.4 Results and analysis
12.4.1 Kinetic origins of manganese riboswitch unfolding at increasing pressure

Time-dependent Erret trajectories reveal that the manganese riboswitch actively switches
between low and high Errer states (see sample FRET traces in Figure 12.2) corresponding to
unfolded and folded conformations.®® While the equilibrium constant Kyig can be readily

obtained from the total timing for folded vs. unfolded events, even more valuable information on
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the folding kinetics can be extracted from the distribution of dwell times. As shown in Figure
12.3, this dwell time distribution is well approximated by a single exponential decay, for which
the folding/unfolding kinetics of the manganese riboswitch can be described by first order rate
constants Kroig and Kunfoia. The resulting dwell time analysis reveals a faster decay for the
unfolded state, i.e., kfold > Kunfora under ambient (1 bar) conditions. As external hydrostatic
pressure increases to 500 bar, however, the riboswitch spends significantly longer in the Cy3 vs
Cy5 low ErreT (“denatured”) conformation, as visually evident in Figure 12.2. Such pressure

dependent denaturation is consistent with previous high-pressure studies of both proteins® 2 and
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Figure 12.4 Pressure-dependent manganese riboswitch folding (A) equilibrium constant and (B)
Kinetics rate constant plots, where error bars represent standard deviation of the mean. In analogy
to Eyring analysis of transition state barrier energies, the data are least squares fit to a single
exponential function to obtain quantitative volumetric change information for AV® and
AV oigiunfoid. [MNn2*] = 15 uM; [Mg?*] = 2mM.
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nucleic acids.*®!! Interestingly, however, the dwell time distributions in Figure 12.3 make
evident that increasing pressure Kinetically results in an equilibrium preference for the unfolded
Mn?* riboswitch both by increase in the unfolding rate constant (Kunfold) and yet also a

simultaneous decrease in the folding rate constant (kfold).

The pressure effects on the manganese riboswitch folding equilibria can be summarized
in the semi-logarithm “van’t Hoff” plots of Kroiq VS pressure (Figure 12.4A), which specifically
reveal a linear decrease in In(Kroiq) as a function of elevated pressure. We can further quantify

such a pressure dependence by the simple thermodynamic relation®®

aanfold —AVO

(% 1= Zr Eq.12.1

which allows us to relate the slope in Figure 12.4A to the change in free volume upon folding.
Least squares fits to the data yield AV° = +88(4) mL/mol, with a positive sign clearly
corresponding to the manganese riboswitch occupying the greater volume upon folding. The
present high pressure single molecule kinetic capabilities permit a further interesting level of
detail by similar volumetric analysis applied to pressure-dependence of the folding/unfolding
rate constants (Figure 12.4B). Specifically, the activation free volume AV*tiaunfold for accessing
the transition state barrier from the folded/unfolded conformations can be obtained from linear

fits to an“Arrhenius-like” volumetric expression®

¥
dlnkgola/unfold _ ~AVfoldjunfold
( op V= o . Eq. 12.2

where once again a positive volume change (AV*oid = 49(4) mL/mol) and reveal that the
transition state (TS) takes up more volume than the fully unfolded state (U). Conversely, the

corresponding volume change in the unfolding direction is negative (AV*unfold = -37(3) mL/mol),
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which obviously rationalizes the observed speed up in the unfolding rate constant Kunfold With
pressure. These results can be simply summarized as predicting a monotonic increase in the

manganese riboswitch free volume along the folding coordinate, with AVy < AV1s < AVE, with

uncertainties in these volume changes at the ¢ <4 to 8 AS level.
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Figure 12.5 Pressure-dependent equilibrium constants (Krog) for the riboswitch folding as a
function of increasing [Mn?*] in the presence of physiological [Mg?*] = 2 mM.

12.4.2 Mn?* effects on pressure dependent riboswitch folding

The manganese riboswitch responds conformationally to its cognate ligand Mn?* in the
regulation of gene expression, which naturally invites study of pressure dependent folding as a
function of ligand concentration.? As evident in Figure 12.5, increasing the cognate ligand Mn?*
concentration promotes riboswitch folding (i.e., an increase in Keq) at each pressure explored
from ambient to 1000 bar. Moreover, the slopes of the van’t Hoff plots are all negative (AV° >
0), correctly predicting pressure induced denaturation for the manganese riboswitch at all Mn?*
concentration within a physiologically relevant range. At a higher level of quantification, the
van’t Hoff slopes in Figure 12.5 are summarized in Table 12.1, for which the AV? values exhibit
a systematic decrease as a function of increasing Mn?*. Most importantly, this implies that all

positive free volume changes for manganese riboswitch folding/unfolding are significantly
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Figure 12.6 Pressure-dependent rate constants (A) kroia and (B) Kunfoid @s a function of increasing
[Mn?*] in the presence of physiological [Mg?*] = 2 mM.

reduced by association with the cognate ligand/Mn?*, a point to which we will return in Sec 12.5.
Finally, we can apply a similar pressure- and Mn*2-dependent analysis to the rate constants for
manganese riboswitch folding/unfolding. As nicely summarized in Figure 12.6A/B, an increase
in Mn?* concentration systematically lowers the negative slopes in an Arrhenius-like pressure
plot for kg, indicating a differential decrease in transition state free volume (AAV#tiq < 0) as a
function of added Mn?*. On the other hand, the corresponding Arrhenius slopes in Figure 12.6B
for the unfolding rate constants reveal no systematic response to Mn?* concentration, indicating
an approximately constant AAV*nfoid independent of Mn?* over 0 to 50 uM. To further quantify

the Mn?* effects on pressure-dependent response of the riboswitch, the folding/unfolding
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activation volumes (AV*olaunfold) calculated by Eq. 12.2 are summarized in Table 12.1, to which

we will return as an important point of discussion in Sec. 12.5.

110 (4) 61(7) -44(4)
5 uM 100(7) 56(7) -39(4)
15 uM 88(4) 49(4) -37(3)
50 uM 79(3) 38(2) -41(3)

Table 12.1 AV® and AVioaunfos Values as a function of increasing Mn?*. The reported
uncertainties represent standard deviation of the mean for triplicate studies.

12.4.3 Mg?* effects on the pressure dependent riboswitch folding

The manganese riboswitch has two cationic binding sites, one of which can bind with
Mg+2 at physiological levels (2 mM) and another that exclusively responds to Mn?* but with a
much reduced affinity to Mg?*. However, it has also been shown in previous single molecule
studies that Mg?* can promote manganese riboswitch folding with or without the cognate
ligand.®® As a parallel thrust, therefore, we have also explored Mg?* and pressure-dependent
manganese riboswitch folding, in order to compare the effects of cognate ligand (Mn?*) vs.
divalent cation (Mg?*) under near physiological concentrations. As illustrated in the pressure
van’t Hoff plot in Figure 12.7, the presence of Mg?* at constant Mn?* also enhances the
equilibrium stability for riboswitch folding, though requiring 1000-fold higher (i.e., mM vs uM)
concentrations. Interestingly, however, the slope of this van’t Hoff plot remains constant over an

additional 4000 uM increase in Mg?* concentration, consistent with changes in free volume

being insensitive to divalent Mg?* (AAV° = 0). This contrasts with the unambiguously strong
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effects of Mn?* on pressure-dependent denaturation, confirming that riboswitch folding

contributions to AV® > 0 are clearly both site- and cation-dependent.
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Figure 12.7 Pressure-dependent equilibrium constant (Kriq) data for Mn?* independent-folding of
the riboswitch at [Mg?*] = 2mM (red) and 6 mM (blue).

Similarly, we can also deconstruct these effects by pressure-dependent investigation of
the folding/unfolding kinetics. As illustrated in Figure 12.8, Mg?* induced folding of the
riboswitch is clearly promoted at all pressures. It is interesting to note, however, that such an
effect occurs specifically by Mg?* dependent increase in Krold, With Kunfola remaining mostly
unchanged, a trend entirely consistent with Mg?* effects found previously at ambient pressures.®®
34 Similar to the trends reported above for equilibrium stabilities (Kroid), @ 4000 mM increase in
Mg?* has no effect on slopes in Figure 12.8, indicating no significant Mg?* effects on the
transition state activation volumes from either the folding or unfolding direction (AV*foiq and
AViinfoig). Simply summarized, manganese riboswitch folding responds to much lower
concentrations of the cognate ligand Mn?*, with free volume changes (AV? and AVtoiq)
decreasing significantly with Mn?* but insensitive to Mg?*. As a result, one concludes that Mn?*

effects on AV and AV*5iq result primarily from highly specific associations of the riboswitch
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with the cognate ligand, as opposed to important but more generic divalent cation effects with

Mg?*.
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Figure 12.8 Pressure-dependent analysis of the kinetic rate constants for Mn?* independent-
folding of the riboswitch: (A) kroig and (B) Kunfold at [Mg?*] = 2 mM (red) and 6 mM (blue).

12.5 Discussion
12.5.1 Mn?* association reduces the effective volume of the riboswitch system

The impact of Mn?* on reducing both AV® and AV#iq has been demonstrated in Sec.
12.4B and shown to be a result of specific cognate ligand effects in Sec. 12.4C. Moreover, the
Mn?* effect on the free volume changes are most efficient at low concentration and gradually

saturate with increasing concentration (see Table 12.1). These features are reminiscent of non-
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cooperative binding of Mn?* to the riboswitch, as characterized extensively in previous works.3®
3 Specifically, the riboswitch folding equilibrium constant as a function of Mn?* is well
described by a Hill equation with apparent dissociation constant Kp = 16(5) UM, and near unity
Hill coefficient of n = 1.0(3). This observation motivates an intriguing analysis by which we use
these Hill parameters to convert Mn?* concentration to the fractional occupation (f = 0.0-1.0) of
the riboswitch by Mn?*, which in turn allows us to generate free volume changes as a function of
occupation and as illustrated in Figure 12.9. Interestingly, while AV° and AV*tiq exhibit a
pronounced linear decrease as a function of Mn?* binding, AV*unfold remains approximately
constant throughout the range of Mn?* concentrations explored. Clearly, any Mn?* dependence in
the overall free volume change (AV?) must be attributed to differential changes in volume
between the unfolded and transition state conformations (AV*f14), with Mn?* association

occurring predominantly prior to the transition state barrier.

120
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Figure 12.9 Free volume changes (AV° and AV*faiaunfoid) along the riboswitch folding coordinate,
but plotted as a function of fractional binding of Mn?* (f = 0.0 to 1.0). The fraction of Mn?*-bound
riboswitch is calculated from the Mn?* concentrations, based on dissociation constant (Kp = 16(5)
uM) and Hill coefficient (n = 1.0(3)) obtained from previous analysis for Mn?*-promoted folding
of the manganese riboswitch. The open circles represent the predicted volume changes from linear
extrapolation to f =1.0.
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Furthermore, the linear dependence of AV on ligand binding fraction f allows us to
estimate AV® = 69(2) mL/mole for folding of the fully Mn?*-bound riboswitch, by simple
extrapolation to f = 1.0. Since the free volume change AV° for manganese riboswitch folding in
the absence of Mn?* is known to be 110(4) mL/mol, we thus infer a large negative change in free
volume for Mn?* binding to the riboswitch (AV%ing ~ -41(4) mL/mol), i.e., approximately 40%
and competitive with the overall AV° for riboswitch folding. Thus, one must conclude that Mn2*
association has a considerable effect on the hydration structure of the binding site.38-4
Additionally, even though the manganese riboswitch is destabilized with increasing pressure
(AV? > 0), association of the cognate ligand/Mn?* is favored by pressure increase (AVC%ind < 0),
which in turn can compete directly with pressure-dependent denaturation effects on overall RNA
folding. One possibility is that such a Mn?* dependent reduction in free volume is due to ligand
filling in “voids” formed by the folded riboswitch,*® or ion recruitment of a more compact water
structure in replacement of the loosely packed water molecules inside the confined binding
pocket.*! Although more data will be needed to deconstruct pressure dependent ligand binding
from biomolecular folding behaviors, the favorable pressure response to ligand association may
prove to be a universal feature of riboswitches, as well as other ligand-responsive biomolecules.
This Mn?* binding-induced reduction in volume (AV?%ing < 0) is significant and may be essential

to maintain ligand affinity as well as biochemical function for a riboswitch under pressure.

By way of specific example, the thermophilic bacterium T. maritima is found in the
vicinity of hydrothermal vents at the bottom of the ocean.*? To adapt to such a high pressure and
temperature environment, the aptamer domain of the T. maritima lysine riboswitch has evolved
to contain significantly more GC interactions (38 vs 26 total GC pairs) than its B. subtilis

counterpart*>4 operating in a more ambient pressure/temperature range.* In clear contrast,
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however, the sequences in the aptamer binding sites themselves remain highly conserved
between these two versions of the lysine riboswitch.* It therefore makes sense that binding
between the lysine ligand and aptamer region might be enhanced (AV %ing < 0) rather than
weakened by pressure destabilization (AV° > 0), which in turn would help maintain appropriate

riboswitch conformation and biochemical function under high pressure conditions.
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Figure 12.10 Plot of differential free volume changes (AV) along the riboswitch folding coordinate
for a variety of Mn?* conditions, with “staircase-like” structures clearly indicating a monotonic
increase in volume at each folding stage. Especially noteworthy is the color-coded parsing of these
volume changes with respect to Mn?* binding fraction, which reveal that > 50% of this increase in
riboswitch volume is achieved by the time the transition state is formed. Differential volumes are
referenced to the unfolded state U at each f.

12.5.2 Insight from free volume changes along the riboswitch folding coordinate

To summarize the volumetric changes associated with manganese riboswitch folding, we
have plotted in Figure 12.10 the differential free volumes (AV) for each of the unfolded (U),
transition (TS) and folded (F) states. Even more instructively, these AAV values are each
displayed for a series of three Mn?* occupation numbers (f = 0, 0.5, 1.0), with values for the fully

ligand-bound riboswitch obtained from linear extrapolation (see Figure 12.9) to f = 1 and all free
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volumes referenced to zero for the unfolded (U) conformation. From Figure 12.10, free volume
changes for the manganese riboswitch increase monotonically with respect to the folding
coordinate, i.e., AVu < AVTs < AVF). Specifically, such “staircase” structure confirms a
sequential increase in manganese riboswitch free volume as it folds. Furthermore, such structure
is clearly responsible for the simultaneous increase (and decrease) in Kunfold (and Kroid) as a

function of applied hydrostatic pressure, respectively, as reported in Sec. 12.4A

Of particular relevance, however, is the fact that the free volume increase upon folding
(AV? > 0) diminishes significantly (AV®ing < 0) as a function of additional Mn?*, which
necessarily implies that binding of Mn?* to the aptamer domain decreases the overall riboswitch
system volume. As mentioned above, such effects suggest that the cognate ligand replaces a less
compact water network in the binding site of the manganese riboswitch.*! More quantitatively,
the magnitudes of the Mn?* dependent staircase “steps” in Figure 12.10 indicate that > 50% of
this “shrinkage” is already achieved by the transition state barrier, and thus dominated by regions
of folding coordinate space where the riboswitch is less structured. By way of confirmation,
crystallographic data for the Mn?*-bound riboswitch binding pocket reveal that the majority of
phosphate ions octahedrally coordinated with Mn?* (including the Mn?*-selective nitrogen in
A41) arise from nucleotides in the P3 bulge (Figure 12.1A),.3 From this perspective, it is not
surprising that Mn?* would bind to P3 prior to subsequent folding of the riboswitch, for which
any loop-loop tertiary interactions between P1 and P3 stems are still largely unformed. Indeed,
previous single molecule kinetic studies at Mg?* ~ 0 explicitly reveal the folding rate constant to
vanish at Mn?* = 0. Stated alternatively, this implies that Mn?* promotes folding of the
manganese riboswitch through an induced fit (IF) “bind-then-fold” mechanism,® consistent with

the binding/folding pathway postulated above and observed in this work.*®
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As a more subtle observation, however, previous single molecule Kinetic studies also
provided evidence for a Mg?* promoted switch from an induced fit (IF) to a conformational
selection (CS) “fold-then-bind” riboswitch folding mechanism.3% 3 Specifically, addition of
Mg?* at physiological levels (2 mM) allows Mn?* to bind with a 7-fold higher affinity, which
was attributed to “preorganization” of the P3 bulge structure prior to tertiary folding of the P1,
P3 domains, i.e., consistent with a conformational selection (CS) “fold-then-bind” pathway.
Interestingly, for such an alternative CS pathway, binding of the Mn?* ligand might be expected
to occur in later stages of folding,®! which would seem to contradict the results in the paragraph
above. By way of resolution, however, we note that IF and CS folding pathways are no longer
mutually exclusive in the presence of Mg?*.4"4® Indeed, these kinetic studies could not rule out
parallel contributions from an IF “bind-then-fold” folding pathway,* but simply revealed that
kinetics of riboswitch folding in the presence of Mg?* to be insensitive to prebinding of Mn?*.
Specifically, the previous kinetic investigation of Kunfold in the presence of Mg?* revealed
riboswitch unfolding to occur from both Mn?*-bound (f = 1) and Mn?*-free (f = 0) folded
conformations, with the latter now completely consistent with a parallel CS mechanism.3 %° By
way of confirmation, one would expect the Mn?* binding step required for an IF folding
mechanism to primarily impact the free energy landscape region between the unfolded and the
transition states, as indeed evident in Figure 12.10. Simply summarized, pressure-dependent
characterization of free volume changes complements and extends the previous work by
identifying the presence of an additional IF bind-then-fold pathway for riboswitch folding in the
presence of Mg?*. In conjunction with demonstration in these studies of remarkable sensitivity to
cation association and change in hydration,?® %¢-50-51 sych high pressure characterization studies

at the single molecule level (and particularly pressure-dependent single molecule kinetics) looks
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well poised to improve our understanding of complex folding mechanisms by providing new and

complementary information via “reversible work” PAV free energy surfaces.

12.6 Summary and conclusions

In this work, we have demonstrated the ability to couple single molecule FRET kinetic
measurements with tunable high-pressure capillary cell conditions to obtain detailed
characterization of free volumes for folding of the manganese riboswitch. Based on direct
measurement of the pressure-dependent folding/unfolding rate constants, the pressure-induced
denaturation of the riboswitch has been unambiguously shown to arise from a simultaneous
decrease (increase) in Kroid (Kunfold), respectively, as a function of increasing pressure and further
signalling a sequential, monotonic increase in free volume for the manganese riboswitch along
folding coordinate (Vu < Vs < V). Moreover, a series of pressure-dependent studies indicate
that increase in the cognate ligand Mn2* lowers this free volume change upon folding (i.e.
“shrinks” the riboswitch, AVing <0), particularly between unfolded and transition state
conformations. Such a negative change in free volume (AVpind < 0) necessarily implies pressure-
promoted binding of the cognate ligand, which would compete with pressure-induced
destabilization of riboswitch folding (AV° > 0) and in turn may help mitigate pressure induced
denaturation effects in the biology of deep sea microorganisms. The study provides a novel
reversible work “volumetric” characterization of the free energy folding landscape along
riboswitch folding coordinate, which highlights the significance of pre-transition state effects due
to Mn?*. Finally, these new volumetric data provide information complementary to our previous

kinetic analysis studies under ambient pressure conditions, indicating the parallel presence of
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both induced fit (“bind-then-fold”’) and conformational selection (““fold-then-bind”’) components

for folding of the manganese riboswitch.
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Chapter 13

Postmortem and Future Directions

13.1 Introduction
Despite extensive research and careful experiment design for each project, some may still
fail and thus never make it to the literature. This chapter documents those unsuccessful attempts

which | think were on the right track but need some modification.

rvd )
F X
N—-CHa
DFHBI HOWCH

F 3
3,5-Difluoro-4-hydroxybenzylidene imidazolidinone

fluorescence on

Figure 13.1 DFHBI fluorescence enhancement. (A) Cartoon representation of DFHBI binding to
the Spinach2 RNA. (B) Chemical structure of DFHBI.

13.2  Label-free single molecule biosensor for TNT detection

Spinach2 is a synthetic RNA aptamer that selectively binds to DFHBI (3,5-difluoro-4-
hydroxybenzylidene imidazolidinone), an analog of the GFP (green fluorescent protein)
fluorophore (Figure 13.1A).! The benzene ring in the DFHBI can freely rotate around the single
bond. If the rotation is restricted (e.g., by aptamer binding), and the molecule is fixed in planar
conformation, the DFHBI fluorescence can be greatly enhanced (Figure 13.1B).? As a result, the
Spinach2-bound DFHBI is nearly 3 orders of magnitudes brighter than the free DFHBI.

In a collaboration with Dr. Chavez-Benavides from the Air Force Research Laboratory,

we received a TNT aptamer sequence obtained by SELEX (systematic evolution of ligands by
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exponential enrichment),® an in vitro selection method. The structure of the TNT aptamer is a
short 48-nt stem-loop with a major internal loop and several other mismatched bases (Figure 2).
The simplicity of the aptamer structure in fact makes it difficult to generate a FRET construct to
monitor the TNT binding. We thus came up with an alternative method to generate a
fluorescence probe of TNT by coupling the TNT aptamer with the Spinach2 sequence (Figure 2).
The TNT binding is expected to induce conformational change in the aptamer, and thereby
stabilize the Spinach2 structure to increase DFHBI binding and thus the fluorescence.* The
advantage is that such a Spinach2-based fluorescence probe requires no chemical modification of
the nucleotide bases and that the Spinach2 sequence can be directly integrated with the TNT
aptamer simply through in vitro transcription. Furthermore, with the common tethering strategy
described in Chapter 2, the construct can be annealed with a biotinylated flagpole strand to

achieved surface immobilization for single molecule fluorescence study.

TNT,
-
t/ \“
| 1
\\ ',/’
€
Spinach2 TNT aptamer
Spinach2-TNT ?

Figure 13.2 Schematic of Spinach2-TNT aptamer construct design and the resulting fluorescence
enhancement by TNT/DFHBI binding.

We have synthesized the Spinach2 and Spinach2-TNT aptamers with 1 to 3 base pairs as

spacer between the two RNA structures (Figure 2). Indeed, DFHBI titration reveals that
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Spinach2 binds to DFHBI at the micromolar affinity level with enhanced fluorescence (Figure
13.3A). Unfortunately, however, the Spinach2-TNT aptamers never showed any significant
enhanced fluorescent activity of DFHBI over a wide range of relevant DFHBI/TNT
concentrations (Figure 13.3B). Our current thoughts are that, although the calculations conducted
by the Chavez-Benavides group suggests TNT mainly interacts with the large internal loop in the
aptamer, the rest of the aptamer stem may also participate in TNT binding. As the result, any
replacement of the Spinach2 sequence may interrupt the TNT aptamer structure and reduce the

TNT affinity, which is already relatively modest on the scale of riboswitches (low micromolar

levels).
A Spinach2 B Spinach2-TNT
14x105 4.1x10%
DFHBI = 20 pM
12x106 <
4.0x10°%
10x10°
(7] 8x10°¢ = " 3.9x10°
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DFHBI (uM) TNT (uM)

Figure 13.3 Spinach2-DFHBI fluorescence measurements. (A) DFHBI titration of Sinach2 RNA.
Data are fit to the Hill equation and Kp of DFHBI is determined to be 1.3(2) uM. (B) TNT titration
of Spinach2-TNT construct with saturated [DFHBI] = 20 uM. Note that despite the fluorescence
increases at [TNT] > 10 uM, the count rate is way below the Spinach2 enhancement (10° vs 10’
count per second) and the estimated Kp of TNT for the TNT aptamer is at low micromolar levels.

The Spinach2-TNT probe may fail partly due to lack of structural information of the TNT
aptamer. However, the similar probe design can still be applied to other RNA riboswitches and
aptamers with more detailed structural characterization (e.g., crystal data and SHAPE, selective

2'-hydroxyl acylation analyzed by primer extension). The aptamer-based sensor has great
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potential in small molecule detection. Moreover, the rich kinetic information we could obtain

from single molecule fluorescence studies may both motivate and facilitate future sensor design.

GC
A

AGAGAGGCUGAAAAUG-3
UCUC CCGACUUU-5’

A_A
GC
Figure 13.4 Secondary folding of the guanidine-Il riboswitch in the translation-off state. The

sequence color-coded in blue represents the Shine—Dalgarno (SD) sequence, a ribosome binding
site.

13.3  Mimicking co-transcriptional folding by the truncated guanidine-11 riboswitch

The 2° structure prediction of the guanidine-11 (type Il guanidine riboswitch) riboswitch
in its off state is illustrated in Figure 13.4,> where the Shine—Dalgarno (SD) sequence (in blue)
forms double helix to prevent translation initiation by interrupting binding to the ribosome. In the

presence of guanidine (or guanidinium to properly address cationic effects), the two terminal

ye—

A guanidine

O e

ngh EFRET Low EFRET

Figure 13.5 Illustration of the single molecule FRET construct design of the guanidine-I1I
riboswitch.
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loops may form a complex with 2 guanidine molecules binding in a head to head fashion and in

turn trigger the double helix dissociation to activate translation (Figure 13.5).

We first generated a single molecule FRET construct to monitor the association and
dissociation of the SD double helix (Figure 13.5). In the translation-off state, the terminal Cy3
and Cy5 are close in distance, resulting in a high Errer state. When the double helix is
dissociated by the guanidine-induced kissing loop formation, the Cy3 and Cy5 are brought
further apart. According to crystal data for the truncated kissing loop,® the estimated > 50 A
separation should lead to a low Erret value (< 0.5). Unfortunately, despite the single molecule
diffusing data showing two distinct Errer populations, the ratio between them proved to be

insensitive to guanidine concentrations (Figure 13.6).
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Figure 13.6 Single molecule FRET experiments of the guanidine-II riboswitch constructs. (A)
illustration of the freely-diffusing experiment and data analysis. (B) Erret distribution of the full
guanidine-1l riboswitch at increasing guanidine concentrations. (C) Errer distribution of the
truncated guanidine-11 riboswitch (-2 base pairs in the SD double helix extension) at increasing
guanidine concentrations.
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Since the predominantly high Errer state suggests the double helix is too stable to
dissociate (Figure 13.6B), we suspect the guanidine promoted kissing loop may form before the
SD strand is fully extended, e.g., folding and ligand sensing during transcription. With the simple
flagpole labeling strategy, we are able to synthesize a series of guanidine riboswitches with an
“adjustable” 3’ end to gradually reduce double helix interaction (-2 and -4 base pairs in the SD
double helix extension). In the sample data (Figure 13.6C), the truncated riboswitch seems to
misfold at low guanidine concentration with more prominent low Erret population yet less
distinctive peak structures. As guanidine concentration increases, the Erret population becomes
nearly identical to the full riboswitch (13.6B and C). We suspect that the millimolar level of
guanidine may act more like a monovalent cation in stabilizing the shortened double helix.
Although it is unclear why guanidine does not promote double strand dissociation, further studies
on this series of truncated RNA constructs may provide a simple single molecule method to

probe more deeply into the role of RNA folding during transcription.®

13.4  Single molecule kinetics of surface immobilized brome mosaic virus RNA

The brome mosaic virus (BMV) single molecule FRET construct was designed by a
previous postdoctoral researcher Dr. Mario Vieweger.” He extensively characterized the salt
dependent conformations of the BMV RNA construct and incorporated the single molecule
FRET results with SHAPE studies to obtain even more detailed structural information. In his
studies, the freely diffusing single molecule FRET measurements revealed interesting 3-state
folding behavior for the RNA virus.” However, these observations were limited to conditions

where only equilibrium populations could be detected. To extend these efforts into the domain of
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single molecule Kinetics, therefore, I tried to re-synthesize the BMV single molecule construct

with biotin labeling to achieve surface tethering capabilities.

During the construct synthesis, the 3’ end labeling of Cy3 is particularly challenging. I
wasn’t able to achieve a reasonable labeling rate with the method of 3’ oxidation, followed by
the hydrazide-aldehyde reaction, as suggested in Mario’s work.” After many unsuccessful
attempts, | decided to use an alternative method to label the construct. Specifically, the BMV
RNA is end-labeled with Cy3 through the enzymatic ligation with T4 RNA ligase and Cy3
modified cytidine-3',5"-bis-p (pCp-Cy3, Figure 13.7A). Such a method results in > 85% labeled
RNA, as verified by HPLC analysis. Unfortunately, the resulting FRET values of the BMV RNA
proved to be significantly affected. Specifically, the labeling scheme is equivalent to extension
by one additional cytidine nucleotide, for which we lost sufficient contrast to resolve the three

different FRET values and conformations (Figure 13.7B and C).
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Figure 13.7 Sample fluorescence traces of the BMV virus RNA construct and the resulting Erret
trajectories. (A) Chemical structure of pCp-Cy3. (B) Sample fluorescence data at [Mg?*] = 0 mM,
and (C) [Mg?*] = 10 mM. The intermediate Errer State at high [Mg?*] = 10 mM is indistinguishable
with the low Errer state (e.g. the low Egrer state at [Mg?*] = 0 mM).
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Although the original construct with the new labeling method didn’t work out, we can
certainly try to improve the FRET contrast by adjusting the length of the 3’ extension in the
BMV RNA. Moreover, | have found the ligation method consistently provides more reliable
labeling with > 85% efficiency. Hence, this would appear to be an interesting and quite feasible

direction for further progress.

13.5 Osmolytes and crowding effects under extreme pressures

The Nesbitt group has been long interested in the osmolyte effects on nucleic acid
conformations. Previous graduate student Dr. Erik Holmstrom has characterized the kinetics and
thermodynamics of nucleic folding at a series of TMAO (Trimethylamine N-oxide) and urea
concentrations.® Interestingly, the content of TMAO (urea) in deep sea fish is found to increase
(decrease) as a function of depth.® The anti-correlation between the two osmolytes is speculated
to be part of the pressure adaption strategy for deep see marine life, since TMAO or urea is
known to increase or decrease biomolecular folding, respectively.!! This would appear to be an
ideal system for studying the effects of these osmolytes on pressure dependent nucleic acid

folding with our high pressure kinetic methods.

Finally, it would be a natural extension to study the effects of both crowding and
osmolytes under extreme pressures, since it seems plausible that stabilization of nucleic acids by
osmolytes may compete efficiently with pressure denaturation.*? In particular, in order to
confirm or refute the entropic nature of such crowding effects at elevated pressures, we need the
capability for temperature dependent studies. Toward that end, we are therefore working on

incorporation of reliable sample heating methods to augment our high pressure single molecule
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measurements. Studies of the two-dimensional folding reaction coordinate with both temperature

and pressure as external variables would provide even richer thermodynamic information on the

free energy landscape for nucleic acid folding.
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